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Abstract
We present a new method to retrieve molecular abundances and temperature profiles
from exoplanet atmosphere photometry and spectroscopy. Our method allows us to
run millions of 1-D atmosphere models in order to cover the large range of allowed
parameter space. In order to run such a large number of models, we have developed
a parametric pressure-temperature (P-T) profile coupled with line-by-line radiative
transfer, hydrostatic equilibrium, and energy balance, along with prescriptions for
non-equilibrium molecular composition and energy redistribution. The major differ-
ence from traditional 1-D radiative transfer models is the parametric P-T profile,
which essentially means adopting energy balance only at the top of the atmosphere
and not in each layer. We see the parametric P-T model as a parallel approach to the
traditional exoplanet atmosphere models that rely on several free parameters to en-
compass unknown absorbers and energy redistribution. The parametric P-T profile
captures the basic physical features of temperature structures in planetary atmo-
spheres (including temperature inversions), and reproduces a wide range of published
P-T profiles, including those of solar system planets.
We apply our temperature and abundance retrieval method to two exoplanets
which have the best data available, HD 189733b and HD 209458b. For each planet,
we compute - 107 atmospheric spectra on a grid in the parameter space, and report
contours of the error surface, given the data. For the day-side of HD 189733b, we
place constraints on the atmospheric properties based on three different data sets
available. Our best-fit models to one of the data sets allow for very efficient day-
night energy redistribution in HD 189733b. The different constraints on molecular
abundances confirm the presence of H20, CH 4 , CO and CO 2 in HD 189733b. Our
results also rule out the presence of a thermal inversion in this planet. The model
constraints due to the different data sets indicate that the planetary atmosphere is
variable, both, in its energy redistribution state and in the chemical abundances. The
variability is evident in the data; some key observations with different instruments at
the same wavelength differ at the - 2- level. If, on the other hand, the differences in
data represent underestimated errors, and if all the data sets have to be reconciled
simultaneously, then we are unable to make specific constraints on the molecular
abundances or on the temperature profile, beyond identification of molecules and the
presence or absence of a thermal inversion.
For HD 209458b, we confirm and constrain a thermal inversion in the day-side
atmosphere, and the data allows for very efficient day-night redistribution of energy.
We report detection of CO, CH4 and CO 2 on the dayside of HD 209458b, along with
placing an upper-limit on the amount of H2 0.
We also report atmospheric models for three transiting exoplanets with limited
data: TrES-2, HAT-P-7b, GJ 436b. For TrES-2 and HAT-P-7b, where only four
observations each are available, we find that the data can be fit with models with and
without thermal inversions, if we make no assumptions of chemical equilibrium.
Finally, in this work, we report the first steps towards developing a parameter esti-
mation procedure for exoplanetary atmospheres. We demonstrate with simulated data
that our model can be used with a formal Bayesian parameter estimation algorithm,
like MCMC, to place constraints on the atmospheric properties of hot Jupiters.
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Chapter 1
Introduction
1.1 Historical Perspective
For ages, humans have wondered about the possibility of life beyond our own planet.
We might be far from detecting an alien world brimming with "life" as we define it,
but the first steps have been taken. Human ingenuity has led to discoveries of a whole
host of planets around stars beyond our sun. These extrasolar planets have opened a
completely new avenue of scientific pursuit. Today, we know of about 350 extrasolar
planets, spanning a wide range in mass, some of which are analogous to the planets
in our own solar system. While an Earth-mass planet has not yet been detected,
definitive detections of exoplanet masses include close analogues of Jupiter, Saturn,
Neptune and Uranus. However, despite the similarity in masses, the orbital properties
of known exoplanets span a wide range in phase space that was least anticipated.
The discoveries of exoplanets witnessed in the recent past are the result of arduous
efforts over the last three decades. Early work involved design and feasibility studies
for detecting exoplanets using spectroscopic and photometric methods (Struve, 1952;
Rosenblatt, 1971; Borucki & Summers, 1984; Schneider & Chevreton, 1990).The first
detection of an extrasolar planetary system was that around a milli-second radio
pulsar PSR1257+12 (Wolszczan & Frail, 1992), detected from the periodic variations
in the pulse arrival times from the pulsar. The first exoplanet detections around solar
type stars were made using the doppler technique, in which the wobble of the star,
induced by a planet in orbit around it, is seen in the doppler velocity curve of the
star (Latham et al. 1989; Mayor & Queloz, 1995). The extrasolar planet, 51 Peg b,
discovered by Mayor & Queloz (1995) turned out to be a giant planet, with half the
mass of Jupiter, in a 4.2 day circular orbit around the star, at a separation of 0.05 AU,
i.e., one-eighth the orbital separation of Mercury from the sun! 51 Peg b is a "hot
Jupiter", a planetary type hardly anticipated before. The discovery of the planet
thus came with the first of a plethora of suprises that lay hidden in solar systems
beyond our own. The radial velocity technique by which 51 Peg b was discovered has
remained the most successful technique to detect extrasolar planets.
One of the most important breakthroughs in exoplanetary science has been made
possible by the transit technique. A transit, or primary eclipse, occurs when the
orbital plane of a planet around a star is favorably oriented such that the observer
can see the planet passing in front of the star. While the planet is in transit, part of
the star-light is blocked along the line of sight of the observer, causing a temporary
decrease in the flux from the star. This transit light curve allows the determination
of the radius of the planet and the orbital inclination. Using the orbital inclination
along with the minimum mass obtained from radial velocity measurements, the exact
mass of the planet can be determined. In addition, using the exact mass with the
planetary radius allows contraints on the density, gravity, and the interior composition
of the planet. The first transit detection was reported at the turn of the century by
Charbonneau et al. 2000 and Henry et al. 2000. The planet detected was HD 209458b,
a transiting hot Jupiter around a Sun-like star. 59 transiting exoplanets are known to
date. Included in this assortment is one putative hot super-Earth, two hot Neptunes,
two hot Saturns, and the rest forming a continuum of masses extending all the way
up to (and beyond) the brown dwarf limit at about 13 Jupiter masses (Deleuil et al.
2008).
Detections of exoplanetary systems have also been made through other techniques.
As has been previously mentioned, the first exoplanetary system was detected around
a millisecond radio pulsar, using variations in the time of arrival (TOA) of the pulses
(Wolszczan & Frail, 1992). Four planetary systems, around different pulsars, have
been detected to date (http://exoplanet.eu/catalog-pulsar.php). Another method
that has seen reasonable success in planetary detection is via gravitaional microlens-
ing. When a star-planet system passes in front of a field star in the background, the
light from the field star is lensed by the gravitational lens formed by the star-planet
system in the foreground. About seven planetary systems have been detected using
gravitational microlensing (see for example, Gaudi et al. 2008). The important as-
pect of detecting exoplanets using this method is that a detection is a single event
observation, after which the lensing configuration ceases to exist, and no follow-up is
possible. Nevertheless, microlensing detections are very useful in answering questions
of a statistical nature in exoplanet characterization. Lastly, but most importantly,
recent advances in observational techniques have rendered direct detection of exoplan-
ets possible. Direct detection is the most desired form of detection, because it allows
actually "seeing" the planet in orbit, and possibly directly measuring the spectrum of
its atmosphere, in addition to revealing important information about the surround-
ing regions, like protoplanetary disks, etc. However, it is also the hardest form of
detection, owing to the fact that the stellar flux is typically brighter than the plan-
etary flux by several orders of magnitude (e.g., a Jupiter-Sun analog has a contrast
of ~ 107 at 10pum, and - 10' in the visible. On the other hand, close-in planets, like
hot Jupiters, cannot be spatially resolved in the sky. However, the remarkable direct
detections of the planetary systems of Fomalhaut and 0 Pictoris (Kalas et al. 2008,
Marois et al. 2008) symbolize the exemplary observational capability at the frontier
of exoplanetary science.
1.2 Exoplanetary Atmospheres
Recent advances in space-based infrared photometry and spectroscopy using the Hub-
ble Space Telescope (HST) and the Spitzer Space Telescope (Spitzer) have, for the
first time, led to observations of the atmospheres of several Hot-Jupiters (Deming et
al. 2005, Charbonneau et al. 2005, Knutson et al. 2007, Swain et al. 2008, etc).
These observations have allowed remarkable insights into the structure and compo-
sition of hot Jupiter atmospheres (Seager et al. 2005, Burrows et al. 2007 & 2008,
Swain et al. 2008). Motivated by the observations, attempts have also been initiated
towards characterization of exoplanets based on the presence of stratospheres in their
atmospheres (Fortney et al. 2008).
We are at the onset of characterizing exoplanets based on their detailed atmo-
spheric properties, including chemical compositions, thermal structure, energy re-
distribution, and the like. The spectrum of a planetary atmosphere represents a
mine of information about the physical conditions in the atmosphere. The rich de-
tail of atmospheric properties that influence a spectrum includes the Pressure (P)
- Temperature (T) structure, redistribution of energy resulting from global circula-
tion, equilibrium/non-equilibrium chemistry, and the geometrical configuration with
respect to the observer.
When a planet transits a star (i.e., at primary eclipse), part of the stellar flux
travels through the planetary atmosphere. The resultant "transmission spectrum" of
the star thus contains imprints of the planetary atmosphere in the form of absorption
features. Such a spectrum probes the atmosphere at the limb of the planet, allowing a
glimpse of the atmospheric temperature structure and compositions at the boundary
between the day and night sides of the planet. Recent high quality observations with
HST, Spitzer and ground based instruments, have made it possible to obtain optical
and infrared transmission photometry and spectra for extrasolar planets (Charbon-
neau et al. 2002, Redfield et al. 2008, Swain et al. 2008, Desert et al. 2009). One of
the recent successful examples of inference is the detection of water and methane in
the limb of HD 189733b (Swain et al. 2008)
A more favorable situation to probe exoplanetary atmospheres occurs when the
planet approaches an occultation, also referred to as secondary eclipse. At this point,
the day-side of the planet faces the earth, and the observed spectrum contains the
thermal emission spectrum of the planetary atmosphere, along with the stellar spec-
trum. By subtracting the stellar spectrum alone (obtained during the secondary
eclipse) from the spectrum from the star-planet system just prior to secondary eclipse,
a spectrum of the planet-star contrast can in principle be measured. However, the
contrasts are evidently low (- 10' for hot Jupiters), requiring very high precision
observations. Thanks to impressive observational efforts, such high-contrast measure-
ments are a reality today. Remarkable secondary eclipse observations have been made
possible with Spitzer and HST. Observations have been reported in the six channels
of broadband photometry, and one channel of IRS spectroscopy, of Spitzer, and with
the NICMOS spectro-photometry of HST. Such data along with theoretical models
have provided substantial information on the day-side atmospheres of hot Jupiters,
as will be discussed in the following section.
1.3 Atmospheric Observations
Over a dozen hot Jupiter atmospheres have been observed by the Spitzer Space Tele-
scope and a handful by the Hubble Space Telescope (HST). For the first time, these
observations have given us important insights into the atmospheres of distant worlds,
in terms of their chemical compositions and the temperature structures.
Observational highlights include the identification of molecules and atoms, and
signatures of thermal inversions. HST observed water vapor and methane in trans-
mission in HD 189733b (Swain et al. 2008b). Water vapor was also inferred from
transmission photometry of HD 189733b in the 3.6 pm, 5.8 pm, and 8 pm IRAC
channels of Spitzer (Tinetti et al. 2007b) (but c.f. Ehrenreich et al. 2007, who find
error bars too large for a definitive detection, and Desert et al. 2009, who report a
different value at 3.6 Am). Water was inferred on the dayside of HD 189733b from the
planet-star flux contrast in the 3.6 Am - 8.0 Am Spitzer broadband photometry (Bar-
man 2008; Charbonneau et al. 2008). Additionally, Grillmair et al. (2008) reported
a high signal-to-noise spectrum of the dayside of HD 189733b in the 5 pm - 14 Am
range, using the Spitzer Infrared Spectrograph (IRS), and reported detection of wa-
ter. More recently, HST detected carbon dioxide in thermal emission in HD 189733b
(Swain et al. 2009), using NICMOS grism spectrophotometry in the 1.4 pm - 2.6 Am
range. Previously, sodium was detected in HD 209458b (Charbonneau et al. 2002)
and HD 189733b (Redfield et al. 2008). Several observations of the planetary dayside
have also been reported for HD 209458b, first observed by Spitzer at 24 pm (Deming
et al. 2005 and Seager et al. 2005).
A major observational discovery was the finding of strong emission features in the
broadband photometry of HD 209458b at secondary eclipse (Knutson et al. 2008),
implying a thermal inversion in the atmosphere (Burrows et al. 2007 & 2008). Ad-
ditionally, there are hints that variability of hot Jupiter thermal emission may be
common (Harrington et al. 2007 vs. Knutson, private communication 2009; Deming
et al. 2005 vs. Deming, private communication 2009; Swain, private communica-
tion 2009). The discoveries of atmospheric constituents and temperature structures
mark the remarkable successes of exoplanet atmosphere models in interpreting the
observations.
1.4 Atmospheric Models
The inference of stratospheres, and various molecular species, is a result of substantial
theoretical efforts in modeling exoplanetary atmospheres. Earliest studies (Seager &
Sasselov 2000, Brown 2001) predicted theoretical transmission spectra for the then
newly discovered transiting planet, HD 209458b, and envisaged the possibility of
observing absorption features of Na I and K I in the optical, and those of H2 0 and
CH 4 in the infrared. More recently, the major focus of theoretical effort has been
directed towards atmospheric spectra in the infrared (Seager et al. 2005, Fortney et
al. 2006, Burrows et al. 2008). The motivation for this trend is the fact that a vast
mine of molecular features of expected species lie in the infrared part of the spectrum.
Most of the theoretical models used in interpreting observations of exoplanet atmo-
spheres to date are one-dimensional (1D) "self-consistent" radiative transfer models;
with the exception of a few 3D models of atmospheric circulation (see Showman et al.
2008). In an typical ID model, the equation of radiative transfer is solved assuming
plane-parallel geometry under the constraints of radiative equilibrium and hydrostatic
equilibrium. The opacities are obtained from pre-tabulated databases of line-by-line
opacities, and the compositions are calculated assuming equilibrium chemistry (Bur-
rows & Sharp, 1999). In the context of hot Jupiters, prescriptions have been proposed
to incorporate the effects of stratospheric absorbers whose chemical composition is
not known (see Burrows et al. 2008, for example). Another source of uncertainty
is the day-night redistribution of heat. Existing models have considered parameter-
ization of the amount of heat that is redistributed over to the night side from the
dayside facing the star. The result of such a ID model is the Pressure - Temperature
(P-T) profile of the planetary atmosphere, and the spectrum of the planet based on
the geometry under consideration, i.e., during primary or secondary eclipse.
Despite the successes of model interpretation of data, major limitations of tra-
ditional self-consistent atmosphere models are becoming more and more apparent.
Model successes include the detection of thermal inversions on the day-side of hot
Jupiters (Burrows et al. 2007; Knutson et al. 2008), and subsequent classification of
systems on the same basis (Burrows et al. 2008; Fortney et al. 2008; Seager et al.
2008). The nature of the absorbers causing the inversions, however, is not yet known
(Knutson et al. 2008 & 2009a), forcing modelers to use an ad hoc opacity source to
explain the data. The intially favored opacity sources, TiO and VO may be unlikely
to cause inversions of the observed magnitude (Spiegel et al. 2009).
A second model requirement arises because ID radiative-convective equilibrium
models cannot include the complex physics involved in hydrodynamic flows. Existing
models use a parameterization of energy transfer from the day side to night side
(e.g., Burrows et al. 2008), using parameters for the locations of energy sources
and sinks, and for the amount of energy transported. However, only a few values of
these parameters are typically reported, leaving large regions of the parameter space
unexplored.
One further example of atmospheric model limitations involves the treatment of
chemical compositions. Self-consistent models generally calculate molecular mixing
ratios based on chemical equilibrium along with the assumption of solar abundances,
or variants thereof (e.g., Seager et al. 2005). However, hot Jupiter atmospheres should
host manifestly non-equilibrium chemistry (e.g., Liang et al. 2003, Liang et al. 2004,
Cooper & Showman, 2006), which render the assumption of chemical equilibrium only
a fiducial starting point.
With parameters used to cover complicated or unknown physics or chemistry, "self-
consistent" radiative-convective equilibrium models are no longer fully self consistent.
Furthermore, given the extreme computational demands of such models, only a few
models are typically computed to interpret the data, often only barely fitting the data
- a quantitative measure of fit is typically absent in the literature. In an ideal world,
one would construct fully self-consistent 3D atmosphere models (e.g., Showman et al.
2008) that include hydrodynamic flow, radiative transfer, cloud microphysics, photo-
chemistry and non-equilibrium chemistry, and run such models over all of parameter
space anticipated to be valid. Such models will remain idealizations until computer
power improves tremendously, given that atmospheric circulation models can take
months to run even with simple radiative transfer schemes.
Fundamentally, planetary atmospheres are complex three-dimensional (3D) struc-
tures, driven by large scale hydrodynamics coupled with full 3D radiative transfer
(Showman et al. 2008). 2D and 3D atmospheric circulation models have been re-
ported by several groups (Showman et al. 2008, Cho et al. 2007, Langton & Laughlin.
2007). However, from the point of view of modeling atmospheric spectra and com-
paring with observations, it is the ID models that have had the most success. The
fact that the ad-hoc ID models explain the observed spectra better is a remarkable
feat of well-chosen parameterization.
In an ideal setting, a robust approach would be to formally fit the models to the
observed data, and estimate the parameters. Such an approach has not been possible
until now because of some commonly known factors. The quantity of data is very
limited. And, the computation time and complexity involved even for a ID self-
consistent model do not allow the exploration of the parameter space on any realistic
computational time scale. Current interpretations of observed spectra are therefore
limited to the few model spectra that empirically explain the data points. And, any
possible degeneracies in the parameter space of current models remain unexplored.
1.5 The Inverse Problem in Exoplanetary Atmo-
spheres
Given a set of observations, what is the range of atmospheric models that can explain
the observations? This is the inverse problem in exoplanet atmospheres that we seek
to address in this work. The solution to this problem lies in a method which allows
efficient exploration of the parameter space of the atmosphere model, given the data.
The need for exploration of the parameter space is imminent. Firstly, such a
capability would allow us to put constraints on the atmospheric model parameters,
given adequate data. In addition, any characterization of extrasolar planets based on
atmospheric spectra requires that we understand the degeneracies in the models, and
that we have at least a preliminary notion of how well the models are constrained for
any given data set. Secondly, such an exploration might bring to light new physics
that has hitherto been unexplored. For instance, compositions of chemical species
have usually been assumed to follow chemical equilibrium. However, it is well known
that non-equilibrium processes like winds, clouds, atmospheric escape and the like
operate in the atmospheres, which might alter the equilibrium chemical compositions
(Showman & Cooper, 2006). In such a scenario, parametrizing the abundances in a
putative model and exploring the space of abundance along with other parameters
might reveal new insights. Finally, a deeper understanding of the constraints on mod-
els would greatly assist the design of upcoming observational facilities. A knowledge
of the amount and quality of data needed to fit a model with a desired confidence
would be a valuable resource for ground and space based facilities in the design stage.
We are motivated to develop a data-interpretation framework for exoplanet atmo-
spheres that enables us to run millions of models in order to constrain the full range
of pressure-temperature (P-T) profiles and abundance ranges allowed by a given data
set. In this work, we report a new approach to ID modeling of exoplanet atmospheres.
Taking a cue from parameterized physics already being adopted by existing models,
we go much further by parameterizing the P-T profile as guided by basic physics. In-
deed, it appears at present, the only way to be able to run enough models to constrain
the P-T structure and abundances is to use a parameterized P-T profile. The essen-
tial difference between our new method and currently accepted radiative-convective
equilibrium models is in the treatment of energy balance. We ensure global energy
balance at the top of the atmosphere, whereas conventional atmosphere models use
layer-by-layer energy balance by way of radiative and convective equilibrium. Our
new method can be used as a stand-alone model, or it can be used to identify the
parameter space in which to run a reasonable number of traditional model atmo-
spheres. We call our method "temperature and abundance retrieval" of exoplanet
atmospheres.
Atmospheric temperature and abundance retrieval is not new (e.g. Goody & Yung,
1989). Studies of planetary atmospheres in the solar system use temperature retrieval
methods, but in the present context there is one major difference. Exquisite data for
solar system planet atmospheres means a fiducial pressure - temperature profile can
be derived. The temperature retrieval process for atmospheres of solar system planets
therefore involves perturbing the fiducial temperature profile. For exoplanets, where
data are inadequate, there is no starting point to derive a fiducial model. Swain et al.
(2008) have been the first to use an abundance retrieval method for exoplanets. They
used published model P-T profiles, varied them slightly, and varied abundances to
report an abundance range from fitting to data. Our model, however, is completely
general in the choice of P-T profiles, ranges over tens of thousands of profiles, and
satisfies the physical constraints of global energy balance and hydrostatic equilibrium.
Our model reports, with contour plots, the quantitatively allowed ranges of P-T
profiles and molecular abundances. In addition, we also report constraints on the
albedo and day-night energy redistribution, and on the effective temperature.
We also initiate the first attempts towards a parameter estimation algorithm for
exoplanet atmospheres. One of our primary goals is to examine if our model is
amenable to such a purpose; another goal being to understand the degeneracies in the
model parameter space. We pursue these goals with a Bayesian approach by using our
model in conjuction with a Markov chain Monte Carlo method, and simulated data.
We find that the amount of data required for effectively constraining the parameters of
a nominal hot Jupiter atmosphere is within the reach of future observational facilities
like JWST.
In this thesis, the P-T profiles are introduced in Chapter 2, and the radiative
transfer model and parameter space search strategy are described in Chapter 3. Re-
sults of data interpretation with the model are presented in Chapter 4 for HD 189733b,
and in Chapter 5 for HD 209458b, and in Chapter 6, we present models for systems
with data too limited to place any meaningful constraints. We develop a parameter
estimation procedure in chapter 7, and discuss on the amount of data required for
effectively constraining the atmospheric parameters using such a procedure. And, in
Chapter 8 we present a summary of our results and conclusions.
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Chapter 2
Temperature Structure
Our goal is to introduce a new method of parameterizing one-dimensional (1-D)
models of exoplanetary atmospheres. Our approach is to parameterize the pressure-
temperature (P-T) profiles, instead of separately parameterizing each of the different
physical processes that contribute to the P-T profiles. In what follows, we will first
review the basic physics behind the temperature structure of planetary atmospheres
which serves as motivation for our P-T form. Next, we will describe our parametric
P-T profile. Finally, we compare our model P-T profiles with published profiles for
some known planetary systems.
2.1 Temperature Structure in Planetary Atmospheres
In this section, we qualitatively describe the physics and shape of a representative
P-T profile starting from the bottom of the atmosphere. We focus on the generality
that the temperature structure at a given altitude depends on the opacity at that
altitude, along with density and gravity.
In the deepest layers of the planet atmosphere, convection is the dominant en-
ergy transport mechanism. The high pressure (equivalently, high density) implies a
high opacity, making energy transport by convection a more efficient energy trans-
port mechanism than radiation. For hot Jupiters, the dayside radiative - convective
boundaries usually occur at the very bottom layers of the atmospheres; self-consistent
models reported in literature typically find this boundary at pressures greater than
~ 10 bar. In the layers immediately above this boundary, the optical depth is still high
enough that the diffusion approximation of radiative transport holds. In this condi-
tion, the layers are roughly in thermal equilibrium and the temperature structure is
isothermal (assuming that energy sources in the planet interior are weak compared
to the stellar irradiation). In the solar system giant planet atmospheres (and cooler
exoplanet atmospheres as yet to be observed), the radiative - convective boundary
occurs at a higher altitude in the planet atmosphere than for hot Jupiters.
Above the isothermal diffusion layer, at pressures lower than ~1 bar (1 < P <
10- bar), the atmosphere becomes optically thin and the diffusion approximation
breaks down. Here the temperature structure is governed primarily by radiative
equilibrium. These optically thin layers are at the altitude where thermal inversions
can be formed, depending on the level of irradiation from the parent star and the
presence of strong absorbing gases or solid particles. A thermal inversion, also known
as "stratosphere", is a region in a planetary atmosphere where the temperature in-
creases with altitude, caused by the presence of strong absorbers of the incoming
radiation from the star. Thermal inversions, or "stratospheres", are common to most
solar system planets and have recently been determined to exist in several hot Jupiter
atmospheres (Burrows et al. 2008). For instance, photochemical haze due to CH 4 is
likely responsible for the thermal inversion in Jupiter, and for Earth it is 03. For hot
Jupiters, TiO and VO may be responsible for the thermal inversion (but see Spiegel
et al. 2009), but the identification of the absorbers is still debated. At still lower
pressures, below P - 10-' bar, the optical depths eventually become so low that the
layers of the atmosphere are transparent to the incoming and outgoing radiation.
2.2 Analytic Approximations
The pressure-temperature (P-T) profile in a planetary atmosphere is governed by
the complex interplay between the radiation field and the chemical composition of
the atmosphere. In the present section, our objective is to analytically understand
some of the salient features of thermal profiles of planetary atmospheres, especially
those of hot Jupiters. The calculation of a planetary P-T profile generally involves
solving the frequency-dependent equation of radiative transfer, simultaneously with
the conditions of radiative-convective equilibrium, and hydrostatic equilibrium, along
with prescriptions for chemical equilibrium, for the frequency-dependent sources of
opacity and scattering, day-night redistribution, etc. A detailed description of such
a "self-consistent" forward model is presented in chapter 3.
Some of the basic features of the general solution can be reproduced analytically
by considering a "gray" atmosphere under different conditions. No analytic formalism
exists to derive the P-T profile for the completely general case of frequency-dependent
("non-gray") radiative transfer. The gray atmosphere refers to the case where the
opacity is assumed to be frequency-independent (by considering a mean opacity), and
all the radiation fields in the radiative transfer equation are integrated over frequency,
resulting in a completely achromatic formalism. The resulting temperature structure
is analytic, and can provide valuable insights into solutions of the more general non-
gray case which has to be solved numerically. In what follows, we discuss three such
cases.
2.2.1 The T -+ 0 Limit
In this section, we investigate the temperature structure of a gray atmosphere in the
low optical depth (T) regime. We consider the simplified case of a gray atmosphere
heated from below. In the context of a planetary atmosphere, this assumes that there
is no direct absorption of incident stellar radiation in the atmosphere. This case is
a classic textbook example (see, e.g., Chamberlain, 1978, for a detailed treatment of
this problem), and we present the basic formalism and results here.
The equation of radiative transfer in its general form is given by:
dI~
yP = -rKvP(IV - Sw). (2.1)dz
Here, Iv is the frequency-dependent specific intensity, z is the vertical distance, p is
the cosine of the angle from normal, K, is the absorption coefficient, p is the mass
density, and S, is the source function which generally includes sources of emission
and scattering.
In the present context, it is assumed that there are no sources of scattering in the
atmosphere, and that Local Thermodynamic Equilibrium (LTE) is satisfied. Under
these assumptions, S, = By, where B, is the Planck function. Furthermore, under
the assumption of a gray atmosphere, r,, is replaced with a gray opacity, , = (i.), i.e.
it can be shown that the gray opacity is the Rosseland mean opacity (Chamberlain,
1978). The radiative transfer equation can then be expressed as:
p1 dI,
p dl = -I,+ B, (2.2)Kp dz
Solving this equation analytically involves taking moments of (2.2) with the an-
gle cosine, p. The zeroth, first and second moments of I, are customarily de-
fined as (Mihalas, 1970): J.(z) = f 1I,(z, p)dyu, H.(z) = 1j 1 I,(z, p)pdy, and
Kv(z) = ! f I_(z, p)p 2 dy, respectively. A related quantity is the flux through a
surface, obtained by integrating the specific intensity over all solid angles: Fv =
2-F f, I,(z, [t)pdy = 47Hv.
The zeroth moment of (2.2) can be expressed in terms of the above quantities as:
1 dF,
- T v= 2 (Jv - Bv). (2.3)47r dT
Here, we have used the optical depth coordinate given by dT = -- pdz. In conforming
to the gray atmosphere formulation, we further integrate all the radiation fields over
frequency to obtain achromatic fields: F = fo7 Fvdv, J = fo Jdv, H = fo" Hvdv,
K = fo7 K dv, and B = f0' B dv. Additionally, the condition of radiative equi-
librium is given by f0O K(J, - B,)dv = 0, which for a gray atmosphere (, = ,)
translates into f0 (Jv - B,)dv = 0. And, using the frequency integrated quantities
as described above, the condition becomes J - B = 0, i.e. J = B. Thus, integrating
(2.3) over frequency and using the condition of radiative equilibrium yields:
dF= 0. i.e. F(T)= Fo = constant (2.4)
The first moment of (2.2) is obtained using similar principles as above, and is
given by:
dK F
dT 4-c
Using the solution from (2.4), and the Eddington approximation, J = 3K, we have:
d J _3Fo
-- = constant.
dT 47r
(2.6)
(2.5)
Thus, the solution for the gray formulation of this problem is:
(2.7)J(T) = 3 F+c,
4 -F
where c is a constant.
The constant c can be determined by equating the flux at the top of the atmosphere
(i.e at T = 0) to Fo. The flux at T = 0 can be obtained from the first moment of the
specific intensity (I,) at r = 0. From (2.2), I,(r= 0) is given by:
I,(T = 0) = /0 e-T/B, dTo P (2.8)
Using the definition of F and the solution from (2.7), and noting that B = J from
the gray radiative equilibrium, we have:
F(T =0)= Fo= J00(3F> +C e-'/ dTdy (2.9)
The result is c = Fo/27r. And, the solution (2.7) becomes:
3F0
J(T) = 3 (T + 2/3),47
(2.10)
Finally, noting that J = B = oT 4/7r, and Fo = F(r = 0) = o-Tja, we have:
3T 1 1/4
T(T) =Teff + - (2.11)14 2
This result shows the temperature structure of a gray atmosphere heated from
below, as we set out to solve, as a function of the optical depth. One of the most
important aspects of this result is the behaviour at the top of the atmosphere. It is
evident that as T -+ 0 in the upper-most layers of the atmosphere, the temperature
asymptotes to a constant. This limiting temperature is known to match fairly well
with the exact solution, in general (Mihalas, 1970). And, non-gray "self-consistent"
models of hot Jupiter atmospheres also show this behaviour of a diminishing temper-
ature gradient at low optical depths, or equivalently, low pressures (see, for example,
Burrows et al. 2008; also see Barman, 2008). This result serves to imply that any
parametric model for the temperature structure of a planetary atmosphere much sat-
isfy this condition of a temperature gradient approaching zero, i.e. an isotherm, as
T -+ 0.
2.2.2 The Large T Limit
We now turn to the lower layers of an atmosphere where the high pressure, and hence
high density and temperature, cause a large optical depth. Eventually, the optical
depth becomes large enough that convective instability sets in, and the predominant
mode of energy transport is convective. For hot Jupiters, these layers occur deep
enough in the atmosphere that they do not contribute significantly to the radiative
flux leading to the observed spectrum. Consequently, we are interested in the lower
layers of the atmosphere, where the optical depth is large but the dominant mode of
energy transport is still radiative, i.e convection has not set in yet. In the limit of
large optical depth, the equation of radiative transfer takes the form of a diffusion
equation (Mihalas, 1970). We outline the basic arguments here.
The first moment of the mono-chromatic radiative transfer equation in LTE (2.2)
is given by:
1 dK -= -HV. (2.12)
r,,p dz
In the T - 00 limit, it can be shown that J, = 3K,; this is the same condition as
the Eddington approximation for the entire atmosphere. This relation arises from
the approximations J,, - Bv and K e Bv/3, which hold in the large T limit (see
Mihalas, 1970). In addition, as was defined previously, Hv is related to the flux by
Fv = 47rH. Thus, with the above conditions, (2.12) can be written as:
S47r 1 dBv (2.13)
3 ,vp dz
If we now make the assumption of a gray opacity, ,, = (K) = r,, and integrate (2.13)
over frequency, further noting that B = oT 4/7r, we have:
16 -T3 dT _ 16-T 3 dT (2.14)
3 rp dz 3 dT
This is the diffusion approximation of radiative transfer that we set out to derive.
Now, using F = oTef, the radiative temperature gradient in limit of large r is given
by:
dT _ 3Teff Teffl 3  (2.15)
dT 16 TI
This result implies that the temperature gradient varies inversely as the cube of the
ratio of the local temperature (T) to the effective temperature (Teff) of the planet
atmosphere. When the local temperature is comparable to Teff, the temperature
gradient is large implying efficient flow of radiation. On the other hand, in the limit
of T > Teff as r > 1, the temperature gradient diminishes, and asymptotes to
an isothermal temperature profile, before eventually convection sets in at even higher
temperatures. Conversely, from (2.14), we see that the temperature gradient vanishes
when the radiative flux F vanishes. In the deeper layers of hot Jupiter atmospheres,
for example, where the incident stellar radiation diminishes, after being absorbed in
the upper layers, the temperature structure can become isotropic, before convection
begins to dominate in the deepest layers.
For solar system planets, where the temperatures are low, the convective layer
appears higher up in the atmosphere, and the radiative temperature profile might
never be isothermal. However, for hot Jupiters self-consistent line-by-line radiative
transfer models clearly show the existence of such an isothermal temperature structure
in the bottom layers of the day side atmosphere. Consequently, any parametric
temperature profile for the daysides of hot Jupiter atmospheres must allow for a
temperature structure with a low temperature gradient, if not isothermal, in the
lower layers of the atmosphere where T > 1.
2.2.3 Strongly Irradiated Atmospheres
In this section, we will explore the case of a gray atmosphere for the special case of hot
Jupiters, i.e gas giants which are strongly irradiated by the stellar flux because of their
close proximity to the star. Here, the temperature structure of the dayside atmosphere
is influenced by two streams of radiation, the incoming stellar radiation dominated in
the visible and the outgoing planetary radiation dominated in the IR. Several recent
"self-consistent" models have been reported to solve the general problem of line-by-
line radiative transfer (Seager et al. 2005, Burrows et al. 2006 & 2008). And, recent
efforts have also led to gray atmosphere models for this situation (Hansen et al. 2008).
In what follows, we will briefly outline the approach followed in Hansen et al. 2008
and Seager (In prep), to gain insight into aspects of the temperature structures in
hot Jupiters.
The nominal gray atmosphere model for hot Jupiters is a two-opacity model,
corresponding to the incoming and outgoing streams of radiation (Hansen et al. 2008).
The radiative transfer equations corresponding to the two streams are given by:
d1
y = -1 (2.16)d1
y =d12 -I +S2 (2.17)dt2
Here, the subscript "1" corresponds to the incoming optical radiation, and the sub-
script "2" corresponds to the infrared radiation due to the planet. It is assumed that
there are no sources of optical radiation in the atmosphere. The condition of radiative
equilibrium for this case entails that the total energy removed from both the beams
have to be balanced by the net energy input due to the source function. This is given
by:
K1Ji + K2 J2 = K2S2
Or, S2 = J2 + 7Ji , where, y= /K2 (2.18)
This condition of radiative equilibrium along with the zeroth order moments of (2.16)
and (2.17), and using T = 772, yields:
dF2  d F1d- = -T (2.19)dr2 d7-2
Similarly, the first moment of (2.17), along with the Eddington approximation, gives:
dJ 2  3
- -F 2  (2.20)dr2  47r
To proceed further, one has to specify the form of the incident beam. It is assumed
that the incident beam is mono-directional (specified by the direction cosine, po), and
travelling inward only (p < 0). The zeroth moment of this beam gives the inward
flux:
F = -poIoe-Tr/o0 (2.21)
Finally, the solution is obtained from solving the zeroth and first moment results, i.e
(2.19) and (2.20), along with (2.21). The constants of integration are determined in a
manner similar to that adopted in § 2.2.1, with the appropriate boundary conditions.
The outcome of the exercise is a closed form solution for the specific intensity as a
function of the gray optical depth (r = T2), and the parameters y and Po, and the
boundary temperatures. Also, as in § 2.2.1, the gray radiation field can be further
expressed in terms of characteristic temperatures. The temperature structure thus
obtained is given by (Hansen, 2008):
T4_ 3 4 2] polo ~I 3 (po 2 3 po 03 -1 3 (po -Tgr+ + n1 -eT/po
- Tf _ -_- In( - e4 3 a _[ 2 y2 y yo 4 \<y )
(2.22)
This analytic form for the temperature structure of a gray hot Jupiter atmo-
sphere explains some of the features common to the temperature structure obtained
from solving the full non-gray radiative transfer problem numerically, using "self-
consistent" models. One of the important properties of this temperature profile is
that, for dayside atmospheres, the profile asymptotes to nearly isothermal structures
at the two ends of the radiative atmosphere, i.e., at the low and high optical depth
regimes. This is in accordance with our observation in § 2.2.1 and § 2.2.2, and with
results of self-consistent non-gray models. In addition, the general structure of the
profile at intermediate optical depths matches with those obtained from self-consistent
models (Hansen, 2008) .
This model offers some insights for any putative parametric temperature profile
for hot Jupiters:
" It justifies the notion that the two streams of radiation can be treated separately,
as long as energy balance is maintained.
" Any parametric profile for hot Jupiters must have prescriptions to approach di-
minishing thermal gradients in the low and high optical depth regimes, assuming
radiative transfer holds.
" It serves as a proof of concept that the exact solutions for temperature struc-
ture, obtained from "self-consistent" models can be matched by a temperature
structure obtained from an achromatic formalism, in this case a gray model.
However, if one were to generate an emergent spectrum for a hot Jupiter atmo-
sphere using this gray profile, there are few critical issues that need to be addressed:
e The current gray profile does not explain thermal inversions, which are a fun-
damental feature in several known hot Jupiters (see, for example, Fortney et al.
2008).
* This profile needs the optical depth as an input. However, while calculating
the emergent spectrum using a line-by-line radiative transfer code, the optical
depth has to be calculated based on the temperature. Although this can, in
principle, be solved iteratively, the computation time will be likely be compara-
ble to that of a full self-consistent model. However, see Miller-Ricci and Seager
(2008) for successful application of such a technique. Any new parametric pro-
file would benefit by not having optical depth as a parameter, in order to reduce
computation time.
2.3 A Parametric P-T Profile
We propose a parametric P-T profile, motivated by physical principles, solar system
planet P-T profiles, and ID "self-consistent" exoplanet P-T profiles generated from
model atmosphere calculations reported in the literature. Our "synthetic" P-T profile
encapsulates stratospheres, along with the low and high pressure (equivalently, optical
depth) regimes of the atmosphere. We will refer to our synthetic P-T profile as the
"parametric P-T profile".
The atmospheric altitudes of interest are those where the spectrum is formed.
Nominally, we consider this range to be between 10- bar < P < 100 bar, and we
will refer to this pressure range as the "atmosphere" in the rest of the paper. At
pressures lower than 10-5 bar, the atmosphere layers are nearly transparent to the
incoming and outgoing radiation at visible and infrared wavelengths. Additionally,
above pressures of - 100 bar (or even above pressures of ~ 10 bar), the optical depth
is too high for any radiation to escape without being reprocessed. The corresponding
layers do not contribute significantly to the emergent spectrum. Figure 2.1 shows a
schematic parametric P-T profile. In our model, we divide the atmosphere into three
representative layers as shown in Figure 2.1. The upper-most layer, Layer 1, in our
model profile is a "mesosphere" with no thermal inversions. The middle layer, Layer
2, represents the region where a thermal inversion (a "stratosphere") is possible. And,
the bottom-most layer, Layer 3, is the regime where a high optical depth leads to an
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Figure 2.1: The parametric pressure-temperature
profile includes a thermal inversion layer (layer 2)
2000 2500
profile. In the general form, the
and has six free parameters. An
isothermal profile is assumed below the pressure P 3 (layer 3). Alternatively, for cooler
atmospheres with no isothermal layer, layer 2 could extend to deeper layers and layer
3 could be absent (see § 2.4).
isothermal temperature structure. Layer 3 is used with hot Jupiters in mind; for
cooler atmospheres this layer can be absent, with Layer 2 extending to deeper layers.
Our proposed model for the P-T structure in Layers 1 and 2 is a generalized
exponential profile of the form:
P = PoeaT-T (2.23)
where, P is the pressure in bars, T is the temperature in K, and P0 , To, a and # are
free parameters. For Layer 3, the model profile is given by T = T3, where T3 is a free
parameter.
Thus, our parametric P-T profile is given by:
Po < P < P1  P = Poe"1(T-To)01 Layeri
P1 < P < P3  P P2e2(TT2)2 Layer2 (2.24)
P > P3  T=T3  Layer3
In this work, we empirically find a 3 = 0.5 to be the best value (see §2.4). We
therefore fix #1 = #2 = 0.5. Then, the model profile in (2.24) has nine parameters,
namely, Po, TO, ai, P1, P2 , T2, a 2, P3 , and T3. Two of the parameters can be
eliminated based on the two constraints of continuity at the two layer boundaries,
i.e., Layers 1-2 and Layers 2-3. And, in the present work, we set P = 10-5 bar,
i.e., at the top of our model atmosphere. Thus, our parametric profile in its complete
generality has six free parameters.
Our P-T profile consists of 100 layers in the pressure range of 10-5 - 100 bar,
uniformly spaced in log(P). For a given pressure, the temperature in that layer is
determined from equation (2.24), using the form T = T(P). The kinks at the layer
boundaries are removed by averaging the profile with a box-car of 10 layers in width.
2.4 Comparison with Known P-T Profiles
The parametric P-T profile described in § 2.3 is capable of mimicking the actual
temperature structure of a wide variety of planetary atmospheres. Figure 2.2 shows
the comparison of our model P-T profile with published P-T profiles of several solar
system planets and hot Jupiters. For each case, the published profile was fitted with
our six-parameter model P - T profile using a Levenberg-Marquardt fitting procedure
(Levenberg, 1944; Marquardt, 1963) . For all the cases, the #1 and #2 parameters
were fixed at 0.5.
For the solar system planets (top left panel of Figure 2.2), published profiles show
detailed temperature structures obtained via several direct measurements coupled
with high-resolution temperature retrieval methods. For hot Jupiters, on the other
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Figure 2.2: Comparison of the parametric P-T profile with previously published
profiles. In each case, the dotted line is the published P-T profile and the solid
line is a fit with the parametric profile (see § 2.4). The P-T profiles of solar-
system planets (upper-left panel) were obtained from the NASA Planetary Data Sys-
tem (http : //atmos.nmsu.edu/planetary-datasets/). In the lower-right panel, "B08",
"F06" and "K09" refer to Burrows et al. (2008), Fortney et al. (2006) and Knutson
et al. (2009a), respectively.
hand, observations are limited. Consequently, the published profiles for hot Jupiters
(Figure 2.2) are obtained from self-consistent 1-D models reported in the literature.
As is evident from Figure 2.2, the parametric P-T profile fits the profiles of all the
cases almost equally well.
We also tested the emergent spectrum obtained with our parametric P-T profile
by comparing it with that obtained with a self-consistent forward model. In this
regard, we used a P-T profile from a self-consistent forward model (Seager et al.
2005) of the day-side atmosphere of HD 209458b. We fit the P-T profile with our
parametric profile to obtain the corresponding parameters. We then used the best-
........... ........    .. I .... . .
fit parametric P - T profile, along with the same compositions that were used in
the forward model, to generate an emergent spectrum for HD 209458b using the
atmosphere model developed in this work (details of our model are presented in
Chapter 3). The emergent spectrum thus calculated by our model agreed with that
obtained from the self-consistent forward model.
The fundamental significance of our parametric P-T profile is the ability to fit
a disparate set of planetary atmosphere structures, with very different atmospheric
conditions (Figure 2.2). In particular, the published hot Jupiter P-T profiles were ob-
tained from several different modeling schemes. The different planetary atmospheres
all conform to a basic mathematical model because of the common physics underlying
the P-T profiles.
An important point concerns the adaptability of the model proposed in this work.
The introduction of the isothermal Layer 3 in (2.24) is motivated by the fact that hot
Jupiters, which are the prime focus of this work, have convective-radiative bound-
aries that are deep in the atmosphere, and the presence of an isothermal Layer 3
is physically plausible. However, the model can be adapted to cases of cooler at-
mospheres where the convective-radiative boundary occurs at lower pressures than
for hot Jupiters, and where there may not be an isothermal layer. The appropriate
model P-T profile in such cases would be one with only the two upper layers (Layer 1
and Layer 2). As can be seen from Figure 2.2, model fits to the solar system planets
belong to the category of models with only Layers 1 and 2.
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Chapter 3
Model Atmosphere
3.1 Radiative Transfer Formulation
A typical one-dimensional (1-D) stellar or planetary atmosphere model involves solv-
ing the equation of radiative transfer. Radiative transfer governs the transport of
radiation from the inner regions of the atmosphere to the surface, beyond which it
travels unhindered through free space before reaching the observer. The radiative
transfer in the atmosphere is solved subject to the physical constraints of hydrostatic
equilibrium, radiative and/or convective equilibrium, and the boundary conditions.
Behind this basic picture, however, lies an astrophysical problem of formidable com-
plexity, depending on what approximations and assumptions one is willing to adopt.
In what follows, we first describe a conventional self-consistent planetary atmosphere
model commonly in use for studying atmospheres of hot Jupiters, and then we de-
scribe the model used in the current work.
3.1.1 Conventional Models
Several 1-D atmosphere models have been developed in this decade to decipher the
atmospheric structure and compositions of extrasolar giant planets, particularly hot
Jupiters (Seager & Sasselov 2000, Seager et al. 2005, Barman et al. 2005, Burrows
et al. 2006, Fortney et al. 2006, Burrows et al. 2008). The state of the art is a so
called "self-consistent" model, where the equation of radiative transfer is solved si-
multaneously with the constraints of hydrostatic equilibrium and radiative-convective
equilibrium, along with the boundary conditions, appropriate sources of opacity, and
assumptions of Local Thermodynamic Equilibrium (LTE) and chemical equilibrium.
The canonical model is a 1-D plane parallel atmosphere.
The equation of radiative transfer is given by (Mihalas, 1970):
dI(pu, A, r)
y = I(p, A, T) - S(A, T), (3.1)
drA
Here, I is the specific intensity, T is the optical depth, S is the source function, and
y = cos 6, where 0 is the angle of the emerging light ray from the surface normal. For
LTE and coherent isotropic scattering,
S (A,-) (A, T)J(A, T) + (A,r)B(A, T)((A, T) + k(A, T) ((A, T) + k(A, T)
t is the absorption coefficient, ( is the scattering coefficient, JA is the mean intensity,
and BA is the Planck function. The scattering and absorption coefficients include the
vast details about the sources of scattering and opacity involving, for instance, the
atomic and molecular species considered in the atmosphere, their absorption cross-
sections, and their concentrations etc., which we shall not delve into here. It must be
noted, however, that published models typically assume that species are in chemical
equilibrium, and that the elemental abundances are solar or deviate from solar by a
quoted factor.
The equation for hydrostatic equilibrium is given by:
= -pg, (3.2)
dr
where, P is the pressure, r is the radial coordinate, p is the density, and g is the
acceleration due to gravity, which can be assumed to be constant over the atmosphere
of the planet.
In LTE, the requirement of radiative equilibrium in each layer of the atmosphere
is given by: j V [ J,(v, T) - Bv(v, T)] dv = 0 (3.3)
The equations (3.1), (3.2) and (3.3) are solved together with the boundary condi-
tions at the upper and lower boundaries of the atmosphere. Various schemes for the
boundary conditions have been reported in the literature (see, for example, Seager
2000, Seager et al. 2005, Burrows et al. 2006). For example, the emergent flux at the
upper boundary can be balanced with the incident stellar flux, whereas the flux at the
lower boundary can be set by evolutionary models of the planet under consideration.
A typical self-consistent model is computed as follows: First, a temperature profile
of the atmosphere is arbitrarily adopted, and the equations (3.1) and (3.2) are solved
along with the boundary conditions, and assuming an ideal gas equation of state. The
resultant intensity distribution in the atmosphere is checked for radiative equilibrium
in each layer using (3.3), which is evidently not obeyed in the first iteration given the
arbitrary guess of the temperature structure. This is followed by iteratively correcting
the temperature in each layer until radiative equilibrium is achieved. In outlining this
general procedure, several details have been skipped for which the reader is referred
to the vast body of literature that exists on computing model atmospheres (Mihalas,
1970; Goody and Yung, 1989).
The remarkable progress seen in this decade in the understanding of exoplanet
atmospheres was made possible in large part by the "self-consistent" 1-D models
referred to in the preceding section. At the same time, contemporary observations of
the day-side atmospheres of hot Jupiters have called for modifications to the canonical
"self-consistent" model that were not anticipated. Several phenomena stand out in
this category.
For example, there has been evidence indicating the existence of thermal inversions
in the atmospheres of some of the known hot Jupiters (Burrows et al. 2008; Fortney et
al. 2008). To date, however, there is no conclusive answer as to what chemical species
might be causing the inversions in those systems (Burrows et al. 2008; Spiegel et al.
2009). Therefore, 1-D models are obliged to include an ad hoc opacity source in the
atmosphere, so as to allow for the possibility of a thermal inversion. Quite naturally,
the absorption coefficient of the absorber, its location in the atmosphere, and the
wavelength range in which it absorbs, all become free parameters of the model.
Another phenomenon which has assumed great significance in recent observations
is the redistribution of energy from the planetary day-side to the night-side. Some
amount of advection of energy from the day-side to the night-side is a natural con-
sequence of hydrodynamic flows in an inherently 3-D atmosphere of a tidally locked
hot Jupiter (Showman et al. 2008 & 2009). A 1-D model, however, does not allow for
such hydrodynamic flows by definition. Nevertheless, in order to reconcile with obser-
vations, 1-D models in the literature have reported plausible prescriptions to address
day-night redistribution. Consequently, again, the location of the sink and source
on the day-side and night-side, respectively, and the fraction of energy redistributed,
become free parameters of the model.
Finally, several "self-consistent" models in the literature have been known to as-
sume the species to be in chemical equilibrium, and the elemental abundances to be
solar or a multiplicative variant thereof. However, it is also known that atmospheres
of planets can be manifestly out of chemical equilibrium, and that the compositions
have no reason to be solar. Therefore, inclusion of non-solar, non-equilibrium com-
positions of species, if attempted, would include a few more free parameters into the
model.
With parameters used to cover complicated or unknown physics or chemistry, "self-
consistent" radiative-convective equilibrium models are no longer fully self-consistent.
In addition, the computation time it takes to run a single "self-consistent" model does
not allow a reasonable exploration of the parameter space in any realistic amount
of time. Given a set of day-side observations of a hot Jupiter atmosphere, even a
preliminary exploration of the parameter space of a "self-consistent" model, to find
all the models that fit the data, is non-existent in literature.
Our motivation in the present work is to develop a 1-D model which addresses the
basic physical constraints, takes into account the unknown processes through explicit
parameters, and allows efficient exploration of the parameter space. The result is
a data-interpretation framework for exoplanet atmospheres that enables us to run
millions of models in order to constrain the full range of pressure-temperature (P-T)
profiles and abundance ranges allowed by a given data set. In this work, we thus
report a new approach to 1-D modeling of exoplanet atmospheres.
3.1.2 A New Model for Exoplanetary Atmospheres
In this work, we report a new 1-D model for exoplanetary atmospheres. We calcu-
late emergent spectra using a 1-D line-by-line radiative transfer code, assuming LTE.
The key aspect of our model is the parameterization of the pressure-temperature
profile and the chemical composition. Given a P-T profile, we solve the equations
of radiative transfer and hydrostatic equilibrium simultaneously, along with adopted
molecular abundances (see §3.2 below) and the ideal gas equation of state. Hydro-
static equilibrium connects the pressure scale with an altitude scale, necessary to
compute the opacities and, hence, the transport of radiation and the emergent spec-
trum. In all, one solves four equations for four unknowns, subject to the boundary
conditions. Below, we shall first list the equations governing the model, and then
describe how we solve them.
The equation of radiative transfer with the assumption of LTE, and rays emerging
normal to the surface i.e., p = cos 0 = 1, is given by:
dI(A, T)dI, = I(A, T) - S(A, T), (3.4)
dix
dTA = niu,Ads, o-yA = o-i,A(A, P, T), ni = ni(p, P, T, Z).
Here, the summation is over all the chemical species considered in the model (see
§ 3.2), ni is the number density of each species, o-j,, is the wavelength-dependent
absorption cross-section of each species, and s is the distance coordinate. The model
includes line opacities of species, as well as relevant continuum opacities, described
in detail in § 3.3. The equation of hydrostatic equilibrium is given by:
dP
= -pg. (3.5)dr
The equations (3.4) and (3.5) are solved together with the parametric P-T profile
developed in Chapter 2:
P=Poe1(T-To)0 P0 < P < p
P = P2ea2(T-T2)0 P1 < P < P3  (3.6)
T=T3  P >P 3 ,
The boundary conditions in our model (see § 3.4) are given by:
I',r-oo = BA,TOO (3.7)
7r I IA,T-0 dA =j j F,,, dA, (3.8)
where, 77 = (1 - fr)(1 - A), A < 1, f< < 1, ij < 1, and FA,, is the incident stellar flux.
Before solving the equations of the model, certain physical properties of the planet-
star system are supposed to be known in advance. The required planet properties
include the photospheric radius (R,), surface gravity (g), and the orbital separation
(a). The required stellar properties include the stellar photospheric radius (R,), sur-
face gravity (gs), effective temperature (Teff,s), metallicity (log[Fe/H]), and distance
from the observer (d). The quantities gs, Tff,s, and log[Fe/H] are used in obtaining
the Kurucz stellar spectrum (Castelli & Kurucz, 2004).
Given a set of observations, our goal is to find the ranges of allowed model param-
eters that can explain the data. We first start with a well guided guess for the P-T
profile (by the procedure outlined in § 3.5), and the compositions. This amounts to
choosing initial values for the ten parameters of our model.
Our model atmosphere consists of 100 layers in the pressure range between 10-
bar and 100 bar; pressure (P) is the independent coordinate and the layers are uni-
formly spaced in log(P). Given the parameter values, the P-T profile determines the
temperature in each layer of the atmosphere. This P-T profile along with the equa-
tion for hydrostatic equilibrium, (3.5), and the ideal gas equation of state determines
the density and the radial distance over all the layers. As a boundary condition, the
photospheric radius of the planet (R,) is assumed to be at a pressure of 10 bar. Once
the physical properties, P, T, p and r are determined, the optical depth in each layer,
d-r, can be obtained, via the chemical compositions of the species, and the absorption
cross-sections due to the various sources. Finally, the equation of radiative transfer,
(3.4), is integrated layer-by-layer to obtain the net emergent specific intensity (IA),
and hence the emergent flux, at the surface of the atmosphere.
The boundary conditions are set using (3.7) and (3.8). At the bottom of the
atmosphere (P = 100 bar, or equivalently, T -> 00), we set I, to the local BA, as
given by (3.7). The boundary condition at the surface of the atmosphere, given by
(3.8), requires that global energy balance is maintained, i.e the wavelength integrated
emergent flux does not exceed the incident stellar flux (please see § 3.4 for a detailed
description). Thus, we check the emergent flux from the model with this condition.
If the condition is not satisfied, we reject the chosen parameter values and choose
a different set of values for the parameters. By running a large number of (~ 107)
models in the parameter space, and discarding those that do not satisfy the above
requirement, we are left with a population of models that satisfy the constraint of
energy balance.
It is evident that the major difference between our model and traditional at-
mosphere models is in the treatment of energy balance. Our model requires global
energy balance at the surface of the atmosphere, instead of an iterative scheme to
ensure layer-by-layer radiative (or radiative + convective) equilibrium as is done in
conventional models.
Another fundamental difference between our models and traditional models lies
in the treatment of stellar heating and scattered radiation. Our model directly com-
putes the thermal emission spectrum and indirectly accounts for stellar heating and
scattered radiation. The effects of heating by the absorbed stellar radiation are in-
cluded by the allowed "shapes" of the P-T profiles. As was shown in Figure 2.2,
the parametric P-T profile reproduces the P-T profiles resulting from models that
directly include absorbed stellar radiation, including models which have thermal in-
versions. One reason why the approach of indirectly including stellar irradiation is
valid is that the visible and infrared opacities are largely decoupled (Marley et al.
2002). For example, Na, K, TiO, VO can have strong absorption at visible wave-
lengths in brown dwarfs and exoplanets, yet are mostly negligible absorbers in the
infrared. On the other hand, molecules like H2 0, CO and CH 4 are spectroscopically
active in the infrared and much less so in the optical. Therefore, the incoming stel-
lar irradiation, which is dominant in the optical, is absorbed by the opacity sources
active in the optical, contributing to the stellar heating. And, the outgoing thermal
radiation, which is dominant in the infrared, couples with the opacity sources active
in the infrared. Thus, because the optical and infrared opacity sources are decoupled,
the stellar heating and the outgoing thermal flux can be treated separately, as men-
tioned above. Such an approach of indirectly accounting for stellar irradiation via a
parametric P-T profile is useful because of the uncertain chemistry (in the form of
unknown optical absorbers that in some cases cause thermal inversions) and physics
that is hard to account for directly in a self-consistent 1-D model.
In this section, we have tried to present the basic formulation of our model, in
addition to framing a perspective vis- a-vis a traditional self-consistent model. In the
following sections of this chapter, we will delve into the working details of our model.
Details of the chemical species and prescriptions used to calculate the abundances are
described in § 3.2. The sources of opacity considered in our model are presented in
§ 3.3. The fundamental constraint of global energy balance is detailed in § 3.4. And,
§ 3.5 and § 3.6 describe the physical constraints on the parameter space, strategies
for parameter space exploration, and statistical measures.
3.2 Molecular Abundances
3.2.1 Chemical Equilibrium
The concentrations of carbon and oxygen bearing molecules in the atmospheres of
hot Jupiters is governed primarily by thermochemistry, along with non-equilibrium
processes, although, products of photochemistry also play a role. Simple prescrip-
tions have been reported in the literature to obtain the abundances of some common
molecules under the assumption of chemical equilibrium (Burrows & Sharp, 1999).
The primary reaction governing carbon chemistry is
CO + 3H 2 T H20 + CH 4  (3.9)
Given the abundances of the elements [Z], the molecular concentrations in chemi-
cal equilibrium can be determined by the following analytic expressions (Burrows &
Sharp, 1999), obtained by solving the equation governing the equilibirum constant as
a function of the change in Gibbs free energy of the equilibrium, and assuming that
the molecules in this reaction contain all the available carbon and oxygen.
p22-2
BCo = Ac + AO + 2 Ac + A + - 4AcAo, (3.10)2K1 (T) 2K1 (T)_I
where, Ax = Nx/NH, KI1(T) = exp[(ai/T + b1 + c1T + d1T2 + e1T 3 )/RT],
and, ai = 1.106131 x 106, b1 = -5.6895 x 104, ci = 62.565, di = -5.81396 x
10-4 , e = 2.346515 x 10-. Here, R is the gas constant in cal/mol/K.
BCH4 = 2Ac - Bco (3.11)
BH20 = 2Ao - Bco (3.12)
The reaction governing nitrogen chemistry is:
N2 + 3H 2 T 2NH 3 (3.13)
And, the molecular concentrations are given by (Burrows & Sharp, 1999):
p 2  p2 -2
-8K2(T) 8K2(T)] NA
where, K2 (T) = exp[(a2 /T + b2 + c2T + d2T 2 + e2T 3)/ RT],
and, a2 =8.16413 x 105, b2 = -2.9109 x 104, c2 = 58.5878, d2 =-7.8284 x 10-4, e2
4.729048 x 10-8.
BNH3 = 2(AN - BN 2 ) (3.15)
3.2.2 Departure from Chemical Equilibrium
Molecular abundances in exoplanet atmospheres may depart from chemical equilib-
rium (Liang et al. 2004; Cooper & Showman, 2006). Our code, therefore, has para-
metric prescriptions to allow for non-equilibrium quantities of each molecule consid-
ered.
We begin by calculating a fiducial concentration of each molecule in a given layer,
based on the assumption of chemical equilibrium. For a given P-T profile, and the
assumption of solar abundances (ZD) of the elements, the equilibrium mixing ratios
(By = ny/nH2 ) of the molecules in each layer of the atmosphere can be obtained from
the expressions in § 3.2.1. We refer to these mixing ratios as the fiducial mixing ratios
for each molecule, represented as By,eq[ZD]. Our goal in the present context, however,
is to consider molecular mixing ratios that are not restricted by the assumption of
solar abundance and chemical equilibirum. The approach commonly adopted in the
literature to depart from the assumption of solar abundances is to vary Z by a constant
factor times ZD, where the constant factor is a parameter of the model (see Fortney
et al. 2006, Showman et al. 2008). And, one approach commonly adopted to consider
non-equilibrium concentrations is to simply consider uniform mixing, By = ny/nH2 =
constant, over the entire atmosphere, where, again, the constant for each molecule is
a parameter of the model (Swain et al. 2008b).
In the current work, we use an alternate approach to encompass non-solar abun-
dances and non-equilibrium chemistry. We quantify departure from equilibrium by
perturbing the fiducial concentration of each molecule by a constant factor. This is
expressed as:
By = fyBy,eq[Zo]. (3.16)
Here, Y E {H 20, CO, CH 4 , NH 3}, and fy corresponding to each molecule (Y) is a
constant of the model. It is to be noted that the perturbation is constant over all
the layers of the atmosphere, i.e., our model assumes that all the layers of the at-
mosphere depart from their solar-equilibrium concentrations by the same factor. An
important exception concerns the mixing ratio of CO 2. CO 2 is thought to originate
from photochemistry and no simple expression for an equilibrium composition is avail-
able. We therefore consider an arbitrary fiducial concentration of C0 2 , proportional
to the fiducial concentration of CO. We then perturb the fiducial concentration with
a parametric factor fco 2, just as we do with the other molecules.
The concentration of each molecule in a given layer is calculated by multiplying the
corresponding fiducial concentration by a constant factor specific to each molecule.
The constant factor corresponding to each molecule is a parameter of the model.
Therefore, corresponding to the four prominent molecules, H20, CO, CH 4 and CO 2 ,
in our model, we have four parameters: fH2 0, fco, fCH4 and fco 2. For instance,
fH2 o is the ratio of the concentration of H20 to the fiducial concentration of H2 0
in each layer. Thus, although the concentration of H20 is different in each layer, it
maintains a constant ratio (fH2 0) with the fiducial concentration in that layer. By
varying over a range in these four parameters, we are essentially varying over a wide
range of molecular mixing ratios and elemental abundances.
For NH 3 , we restrict the concentration to the fiducial equilibrium concentration,
so fNH3 = 1. This is because, NH 3 has limited and weak spectral features in the
Spitzer and HST bands under consideration in this work. Additionally, NH 3 is not
expected to be abundant in enhanced quantities at such high temperatures as are
seen in hot Jupiters.
Given that the mixing ratio of a molecule varies over the layers of the atmosphere,
the mean mixing ratio of a molecule is given by:
[By] n fr H2 Byr 2 dr
f nH2r2 dr
where, r is the radial coordinate, and spherical symmetry is assumed.
3.3 Sources of Opacity
We include molecules of hydrogen (H2), water vapor (H20), carbon monoxide (CO),
carbon dioxide (C0 2), methane (CH 4), and ammonia (NH 3). Our H2 0, CH 4 , CO and
NH 3 molecular line data are from Freedman et al. 2008, and references therein. Our
CO 2 data are from Freedman (personal communication) and Rothman et al. (2005).
And, we obtain the H2-H2 collision-induced opacities from Borysow et al (1997), and
Borysow (2002). The opacity code is adapted from that used by Seager et al (2000)
and Seager et al (2005). The line strength, S, (T), at the required atmospheric
temperature is obtained from the line strength at the reference temperature, Sng (Tref),
by using an appropriate scaling relation (Rothman et al. 1998):
Q(Tref) exp(-c 2E,/T) [1 - exp(-c 2vy /T)]
Q(T) exp(-c 2E,/Tref) [1 - exp(-c 2vnq'/Tref)]
Here, Q(T) is the partition function, E, is the energy of the lower state, and v.' is
the frequency of transition. Line broadening is calculated using a Voigt function to
include both temperature and pressure broadening.
Clouds are not included in our model because the planets HD 209458b and
HD 189733b, the primary subjects of this work, likely do not have clouds that scat-
ter or emit at thermal infrared wavelengths. Several reasons have been proposed in
literature justifying the use of cloud-free models for these planets: finding weak ef-
fects of clouds on the P-T profile (Fortney et al. 2006 & 2008); fast sedimentation
rates in radiative atmospheres (Barman et al. 2005); clouds forming too deep in the
planetary atmosphere to affect the emergent spectrum (Fortney et al. 2006); spec-
tral features in transmission dominated by molecular absorption over cloud particles
(Showman et al. 2008 and references therein); haze absorption at blue wavelengths
on HD 189733b drops off rapidly with increasing wavelength and should be negligible
at IR wavelengths (Pont et al. 2008). That said, clouds can be included in our model
as another free parameter, via a wavelength-dependent opacity, and we plan to make
this extension in the future.
3.4 Energy Balance
A planetary atmosphere model must satisfy the fundamental constraint of energy
conservation (here called energy balance). While using a 1-D plane-parallel model,
it is important to weight the incident stellar flux appropriately in order to represent
an average day-side atmosphere. The average stellar flux incident on the planetary
day-side is given by F, = fF, where, F, is the wavelength integrated stellar flux
at the sub-stellar point of the planet surface. f is a geometric factor by which the
stellar flux at the sub-stellar point must be weighted so as to represent an average 1-D
plane-parallel incidence. A value of f = 1 represents uniform distribution of stellar
flux on the planet day-side; it comes from F, x (7rRP)/(27rR), i.e., the ratio of the
planetary surface projected perpendicular to the incident stellar flux to the actual
area of the planetary surface receiving the flux. However, it can been shown that
just before secondary eclipse the day-side flux of a 1-D average atmosphere should
be biased towards a higher value of f = 2 (Burrows et al. 2008). This is because,
at this position the contribution due to the hot substellar point (p = cos 0 = 1) is
maximized, and the irradiation flux drops off with angle as cos 0. Therefore, in the
present work, we adopt a value of f - .
In the context of our 1-D atmosphere, the constraint of energy balance means
that the wavelength integrated planet flux at the surface of the planetary atmosphere
matches the wavelength integrated incident stellar flux, after accounting for the Bond
albedo (AB) and possible redistribution of energy onto the night-side (f,). Our pre-
scription for the day-night redistribution is similar to that of the P,, prescription of
Burrows et al. (2006). We define f, as the fraction of input stellar flux that is redis-
tributed to the night-side. The input stellar flux is given by F" = (1 - AB)F, i.e.,
the incident stellar flux (F), less the reflected flux (ABF,). Therefore, the energy
advected to the night-side is given by fFin. And hence, the amount of flux absorbed
on the day-side is given by Fin,day = (1 - f,)Fin, which equals (1 - AB)(1 - f,)F. It
is assumed that the intrinsic flux from the planet interior is negligible compared to
the incident stellar irradiation.
Thus, the energy balance requirement on the day-side spectrum is given as:
F, = (1 - AB)(1 - fr)Fs, (3.19)
F,= r j IA,,ro dA, F, jFA,, dA
We use a Kurucz model for the stellar spectrum (Castelli & Kurucz 2004).
We use energy balance, equation (3.19), in two ways. The first, as described above,
is to ensure that our model atmosphere satisfies energy conservation. The constraint
on the model comes from the fact that AB and fr are bounded in the range [0,1].
Thus, models for which q = (1 - AB)(1 - f,) is greater than unity are discarded
on grounds of energy balance. Secondly, for models which satisfy energy balance,
equation (3.19) gives us an estimate of rj for a given model. If an AB is assumed, this
gives a constraint on fr, and vice-versa.
A potential limitation of our model exists with regard to energy balance. Our
model is different from conventional models in that we do not use the condition of
radiative equilibrium in each layer of the atmosphere; we only use the constraint
of global energy balance. A rigorous atmosphere model must take into account all
the potential sources and sinks in the layers of the atmosphere, and ensure that the
temperature structure in each layer satisfies radiative (or radiative + convective) equi-
librium. In a 3D model, this is naturally taken care of by coupling the radiation field
with the hydrodynamics. Even in a ID model, prescriptions can be devised to mimic
the potential sources and sinks (see Burrows et al. 2008), while maintaining layer-
by-layer radiative equilibrium. We have relaxed this requirement in our work under
the assumption that our parametric P-T profiles are general enough to mimic tem-
perature structures that are in equilibria. While this approach allows us to efficiently
compute atmospheric spectra, herein lies a potential limitation of our model. Our
assumption might very well be misguided. In taking this approach, there might be
regions in the space of actual planetary temperature structures that our P-T profiles
may not be able to mimic, and we might be restricting/biasing the parameter space
of "natural" P-T structures. Secondly, and more importantly, by relaxing the re-
quirement of radiative equilibrium, the constraints on the model atmospheres placed
using our parametric profile are likely weaker. In other words, imposing the require-
ment of layer-by-layer might help narrow the constraints by ruling out some of our
P-T profiles that would otherwise purport to explain the observations. We aim to
investigate this problem in future work.
3.5 Parameter Space
3.5.1 Model Parameters
The parameter space of our model consists of N = Npro file ± Nmo+ec free parameters,
where Nprofile is the number of parameters in the P-T profile, and Nmoiec is the
number of parameters pertaining to the chemical composition. As described in @ 2,
our three-layer parametric P-T profile has Nprofile = 6, the six parameters being To,
ai, P1, P2, a 2, and P3. And, corresponding to the four prominent molecules, H20,
CO, CH4 and C0 2, in our model, we have Nmoec = 4 parameters: fH20, fCO, fCH4
and fCo 2 . (see §3.2). Thus, our model has ten free parameters.
Given a set of observations of a planet, for example a day-side spectrum, our
goal is to determine the regions of parameter space constrained by the data, and
to identify the degeneracies therein. We address this by running a large number of
models on a grid in the parameter space. We investigate models with and without
thermal inversions. In either scenario, the number of parameters remains the same.
It is evident that a grid of even modest resolution in this ten-parameter space can
result in a large number of models that is computationally prohibitive. Fortunately,
however, some physical constraints can be imposed on the model parameters, without
any loss of generality, even before running the models. These "boundaries" in the
parameter space lead to a more tractable number of models with a modest resolution
in each parameter.
3.5.2 Boundaries in Parameter Space
Before running a large number of models on a ten-parameter grid, the parameter
space of the model P-T profile can be constrained a priori based on some physical
and empirical constraints. In the general case, i.e., a P-T profile with a thermal
inversion, the parameters P 1, P 2, and P3 mark three physically distinct regions of the
planetary atmosphere. Drawing analogy with Earth's atmosphere, the region between
P 2 and Pi is the "stratosphere", where strong absorbers cause a thermal inversion,
and the region between P1 and Po is the "mesosphere". The pressure P 3, as discussed
in chapter 2, marks the onset of the high optical depth regime for hot Jupiters where
the temperature structure asymptotes to an isotherm. Thus, in the framework of our
hot Jupiter model, for a P-T profile to exhibit a thermal inversion, P 1, P 2, and P 3
must satisfy:
P1< P2 < P3 (3.20)
P3 E {Plow, Phigh} (3.21)
Here, Pio and Phigh constitute the range of pressures in which the onset of the
isotherm is justified. This range is not known definitively but, based on several trials
and from results of self-consistent models in the literature, we find it safe to assume
this range to be [0.5, 10.0] bar.
The case of a P-T profile without a thermal inversion warrants a special condition.
In this case, the lack of a thermal inversion means that P 2 has no specific meaning
other than being a parameter of the model influencing the temperature gradient
between P1 and P 3. For a non-inversion profile, P 1, P2 , and P 3 must satisfy:
P2< P 1 < P 3  (3.22)
P3 {Piow, Phigh}
Here, the case of P1 = P 2 = P 3 leads to a two-layer P-T profile, with only three pa-
rameters. So, in principle a non-inversion model can have only three P-T parameters
instead of six for the general case. However, this situation forces the temperature
gradient in the lower part of the atmosphere (around a pressure of about 0.1 bar
where most of the spectral features form) to be same as that in the upper part of the
atmosphere to which the spectral features are less sensitive because of the low density.
We find empirically that this constraint excludes a significant part of relevant P-T
profiles. Allowing an extra layer (via P 2 , a 2 and P 3 ) decouples the two regions of the
atmosphere with different spectroscopic contributions and provides better match to
self-consistent P-T profiles without inversions reported in literature.
The thermal gradients in the two upper layers of a P-T profile are highly sensitive
to ai and a 2, less so on other parameters. The grid resolution in these two parameters
is required to be much finer than the remaining four parameters of the profile. While
designing a parameter grid by running several trial grids, ai and a 2 can, in general,
be restricted to a limited range in which to have a fine grid. This range can be model
specific. But, for the applications of the current work, we find the following ranges
in a1 and a 2 to be reasonably general:
0.2 K-1/ 2 < ai < 0.6 K-1/ 2  (3.23)
0.04 K-1/ 2 < a 2 < 0.5 K-1/ 2  (3.24)
Finally, the parameter space of allowed models can be further constrained to some
extent based on the data and energy balance. Firstly, the model planet spectrum is
bounded by two blackbody spectra, corresponding to the lowest and highest tempera-
tures in the atmosphere. Correspondingly, the maximum and minimum temperatures,
of the P-T profile are partly constrained by the maximum and minimum blackbody
temperatures (Tm, and Tmin) admissible by the data, including the error bars and an
arbitrary factor of order unity. The arbitrary factor is meant to account for the fact
that the data is poorly sampled in wavelength, and also to factor in the changes in
the blackbody flux due to line features. The empirical conditions can be expressed
as:
Tmin , {ToT 1 ,T 2,T 3} $ Tmax (Inversion) (3.25)
Tmin r {To, T1, T 3} Tmax (Non - inversion) (3.26)
where, T 1, T 2, and T3 are the temperatures at P 1, P 2 , and P 3 , respectively, and are
given by:
Ti = To + I (3.27)
1ln(PI/P 2) 1/02 (3.28)T2= 1 2 (328
[ln(P3/P 2) 1/32 (3.29)
T3 =2 T2+(.9
In addition, an upper limit can be placed on the base temperature (T3) based on
energy balance. The maximum of T3 is given by the effective temperature of the
planet day-side assuming zero albedo and zero redistribution of the energy to the
night-side, and allowing for a factor close to unity (~ 1 - 1.5) to take into account
the changes in the blackbody flux due to line features.
Therefore, given the data and some physical/empirical considerations, the space
of P-T profiles can be constrained to some extent even before calculating the spectra,
using the above conditions.
3.5.3 Large Ensembles of Models
The final grid is decided by running several coarse grids, and obtaining an empirical
understanding of the parameter space. At the end, a nominal final grid in ten pa-
rameters, with or without inversions in the P-T profiles, consists of - 107 models.
We thus computed a total of - 107 models for each planet under consideration. We
ran the models on ~ 100 2-GHz processors on a Beowulf cluster, at the MIT Kavli
Institute for Astrophysics and Space Research, Cambridge, MA.
3.6 Evaluation of Models
3.6.1 Instruments and Observations
Broad-band observations of exoplanet atmospheres are typically limited to the six
channels of broadband infrared photometry using Spitzer. Additionally, in a few
cases, observations have also been made using the HST NICMOS G206 grism (1.4
- 2.6 pm), and the Spitzer IRS spectrograph (5-14 pm). In order to facilitate a
quantitative estimate of model fits to data, we bin the model to the same resolution
as the data.
At secondary eclipse, our observable is the planet-star flux ratio. While using
broadband photometry with Spitzer, the model flux ratio in each photometric channel
is given by:
[LiO f TAF,,x dA' (3.30)
fS. CH , TxFs,,x dA'
where, the integral is over the bandwidth of the channel, and TA is the channel
transmission function. F,, is the planet day-side flux calculated by the model, and
F, is the star flux at the planet derived from a Kurucz model (Castelli & Kurucz,
2004). The six channels of Spitzer broadband photometry are centered at 3.6, 4.5,
5.8, 8, 16, and 24 pm.
While using spectral observations, it is also important to convolve the model
spectra with the instrument point-spread function (PSF), before binning it down to
the resolution of the observations as shown in (3.30). This applies to the observations
using the HST NICMOS grism, and the Spitzer IRS. In both cases, we use a gaussian
PSF with the appropriate specifications for the full-width half-max (FWHM) and
pixel-wavelength calibration (see for example, Swain et al. 2008, and Spitzer IRS
data handbook).
3.6.2 Quantitative Measure of Error
The number of broadband observations available are typically smaller than the num-
ber of parameters in our model. Also, given that the parameters in our model are
possibly highly correlated and the degeneracies not well understood, the amount and
nature of existing data has not yet allowed spectral fitting in the formal sense. A
rigorous spectral fitting algorithm is a subject of future study.
Consequently, our approach in this work is to compute a large number of models on
a pre-defined grid in the parameter space. For each model, we calculate a "goodness-
of-fit" with the data using a statistic defined by a weighted mean squared error, given
by:
Nobs 2
12(fNobs fi,model .(3.31)
Here, fi is the flux observable and Nob, is the number of observed data points. fi,ob,
and fi,model are the observed fi and the corresponding model fi, respectively. For
secondary eclipse spectra, fi is the planet-star flux contrast, whereas, for transmis-
sion spectra, fi is the transmission. oi is the 1 - measurement uncertainty in the
observation. In order to obtain the model fluxes in the same wavelength bins as
the observation, we integrate the model spectra with the transmission functions of
the instruments. Where spectrophotometry is available, we additionally convolve our
model spectra with the instrument point-spread function.
3.7 Error Surface vs. Best-fit Models
The goodness-of-fit ( 2), as defined in (3.31), is similar in formulation to the con-
ventional definition of the reduced x2 statistic, if Nob, is replaced by the number of
degrees of freedom. In the current context, we refrain from using the X2 statistic to
assess our model fits because our number of model parameters (N) are typically more
than the number of available broadband data points, leading to negative degrees of
freedom. A value of x2 with negative degrees of freedom lacks meaning in that we
cannot relate it to a confidence level. Therefore, in using (2 as our statistic of choice,
we are essentially calculating X2 per data point as opposed to x2 per degree of free-
dom. Thus, in the absence of confidence levels, we evaluate our models based on 62
as a weighted mean square error.
In this framework, a 62 = 1 means that, on average, the model deviates from
the mean values of the data by la, and a 62 = 2 or 4 means that the deviation is
vf5 = 1.4a or v/4 = 2a, respectively, and so on. Which 62 surface should be used
to encompass the best fit models, given that we have no direct correspondence to
confidence levels? There is no conclusive answer to this question at the present time.
Ideally, one might like to consider best-fits models as those within the 2 = 0 or
-2 = 1 surfaces. For the purpose of our interpretation, however, we have nominally
used the (2 = 2 surface as our choice. This choice is somewhat arbitrary, but is meant
to guard against over-interpreting the data, which could, at times, be variable.
Several examples in recent literature indicate variability in the data. The case
that is most relevant to our interpretation is the 8 pm Spitzer IRAC measurement of
HD 189733b reported by Knutson et al. (2007) versus that reported by Charbonneau
et al. (2008) in the same channel at a different time. The flux ratios differ by - 2.3
o. Other cases include the 8 pm IRAC observations of HD 149026b by Harrington
et al. (2006) and Knutson (private communication, 2009) differing at ~ 3a, and the
disagreement in the planet-star contrast levels between the HD 189733b IRS spectrum
and the IRAC broadband photometry at 8 pm, but not at 5.8 pm (Grillmair et
al. 2008). Whether this variability in the data is due to intrinsic variability of the
planet atmosphere or, instead, is due to different data reduction techniques and/or
instrumental effects is under study. Even more perplexing is the HD 189733b IRAC
3.6 pm transmission photometry obtained from the same data set but with values
differing by over 3a (Ehrenreich et al., 2007; Tinetti et al., 2007b; Beaulieu et al.,
2008; Desert et al., 2009).
In the context of model interpretation of data, the influence of such variability in
data is substantial - making the difference between having constraints on molecular
abundances and temperature profiles, and having no constraints. In other words, two
data points differing by about 2 -puts different constraints on the planet atmosphere,
suggesting variability in the planet atmosphere. If, on the other hand, the reported
differences in data represent observational errors, then, we might be unable to place
specific constraints on molecular abundances or on the extent of the temperature
inversions.
3.8 Future Model Extensions
Our models do not include clouds or scattering. Although cloud-less models are
justified for hot Jupiters (see § 3.2), clouds are needed for extending our model to
cooler planetary atmospheres, such as those of habitable zone super Earths and cooler
giant planets. Our model also does not include photochemistry, but we can include
products of photochemistry (like, CO 2 for example) as free parameters in the model.
Once a set of best-fit models are found by our approach, the molecular abundances
can be used to guide photochemical models; conversely, photochemical models can be
used to check the plausibility of the best-fit molecular abundances. And, although
we have used the latest available high-temperature opacities, further improvements
are sought, particularly for CH4 and CO 2.
We have not included the intrinsic flux from the planet interior because, for the
strongly irradiated atmospheres considered in this work, stellar irradiation is the dom-
inant energy source. However, extensions of our model to brown dwarf atmospheres,
and other planetary atmospheres, might require inclusion of the interior energy and
tidal energy. And, although irradiation is naturally included in the form of the para-
metric P-T profile, our model gives no information about the nature of the absorber.
Nevertheless, given the best-fit P-T profile from our approach, one could quantify the
range of parameters of a potential absorber.
3.9 Contribution Functions
Our approach allows us to constrain the P-T profile and abundances on the planetary
day-side. But which part of the atmosphere is really being sampled by the observa-
tions? Here we will discuss the contribution to the net flux from the surface elements
(see Knutson et al. 2009 for a discussion of radial contribution functions). We begin
with the simple picture of radiative equilibrium, with no atmospheric circulation, in
a homogeneous and isotropically radiating atmosphere. In this case, the amount of
flux from a given surface element is proportional to the amount of incident flux from
the star, where the incident stellar flux drops off as cos 0; 0 is the angle away from
the sub-stellar point. In this picture, the planetary infrared flux is greatest at the
sub-stellar point, where the planet is being heated the most. The area contribution
to the net planet flux, however, increases as sin 0. The bigger annuli correspond to
larger areas on the projected planetary disk as viewed by the observer. The lower flux
emitting regions (the outer regions of the disk, with lower incident stellar intensity),
therefore, have more area than the higher flux regions. There is a sweet spot at 45
degrees where the contribution to the total observed flux peaks, with a distribution
of sin(20). In other words, the total flux is an average over a wide region on the
projected planetary disk.
A more realistic scenario is one not limited to radiative equilibrium; indeed at-
mospheric circulation models show dramatic differences of surface flux across the
planetary disk caused by strong hydrodynamic flows (see, e.g., Showman et al. 2008;
Langton and Laughlin, 2008; Dobbs-Dixon and Lin. 2008). Without knowing the
atmospheric circulation and the resulting surface pattern, can we say anything about
which part of the day-side planetary disk our P-T profiles and abundances preferen-
tially sample? Given a retrieved abundance for a molecule, we do not know if this is
from a localized concentration or from a global abundance, or something in between.
For instance, we have found evidence for a high CO 2 abundance in HD 189733 (see
also Swain et al. 2009). But is this just a local effect of transported photochemical
products? Or is the whole day-side evenly enriched in C0 2? If we are not measur-
ing a true average, we have to be careful about how we interpret the retrieved CO 2
abundance.
A thorough examination of the contribution of different parts of the planetary
disk has to take into account the surface flux profiles that are more realistic than the
assumption of homogeneity and radiative equilibrium. For example, 3-D models of
hot Jupiter atmospheres by Showman et al. (2008 & 2009) show a much slower than
cos0 drop off from the sub-stellar point caused by hydrodynamic surface flows. And
at the planetary photosphere the "sub-stellar hot spot" is blown downwind, to 30
degrees; a detail that would not be apparent in the assumption of an isotropic and
homogenous atmosphere. Moreover, the Spitzer 8 micron measurements by Knutson
et al. (2007) show a hot spot at lower separation from the sub-stellar point (and also
show a cold spot on the same hemisphere). If CO 2 were predominatly formed in a
hot spot and blown downwind, it could land at the geometrically favored point in
terms of the 1-D averaged spectrum. In this case, a high value of CO 2 may not be
representative of the day-side.
Chapter 4
Results: HD 189733b
The hot Jupiter HD 189733b, orbiting the bright K1 star HD 189733 with a separation
of 0.031 AU, is one of the most observed extrasolar planets to date (Bouchy et al.
2005). The star HD 189733, at a distance of 19.3 pc, has a V magnitude of 7.7, a
mass of 0.81 MD, a radius of 0.76 Ro, and an effective temperature of 5040 K (Torres
et al. 2008). The planet has a mass of 1.14 Mjp and a radius of 1.14 Rjsp, and
orbits the star in a nearly circular orbit with a period of 2.22 days. The equilibrium
temperature of the planet dayside is about 1200 K, assuming zero albedo and zero
redistribution.
4.1 Observations at Secondary Eclipse
HD 189733b has the best atmospheric data set for any hot Jupiter known to date,
including both signal-to-noise and wavelength coverage. Several remarkable obser-
vations of the planet day side have been made by determining the planet-star flux
ratios just before secondary eclipse. Grillmair et al. (2008) reported an infrared
spectrum of the dayside in the 5 pm - 14 pum range, obtained with the Spitzer IRS
instrument. Charbonneau et al. (2008) presented broadband photometry in the six
Spitzer channels (3.6, 4.5, 5.8, 8, 16, and 24 [tm)1 . Separate photometric observations
'The 16 pm value of Charbonneau et al. (2008) was obtained by reanalyzing the observations of
Deming et al. (2006), and has been found to be consistent with the latter.
in the Spitzer 8 pm and 24 pm channels were also reported by Knutson et al. (2007)
and (2009), respectively. Additionally, an upper limit was placed on the 2.2 pm flux
constrast by Barnes et al (2007). More recently, Swain et al. (2009) observed the
planet dayside with HST NICMOS spectrophotometry in the 1.5 Pm - 2.5 Pm range.
Together, these data sets place important constraints on the dayside atmosphere
of the planet. The high S/N IRS spectrum reported by Grillmair et al. (2008),
obtained with 120 hours of integration time, is the best exoplanet spectrum to date. In
addition, we also use the photometric observations of Charbonneau et al. (2008), and
the spectrophotometric observations of Swain et al. (2009) to place complementary
constraints 2. We use the two independent observations of Knutson et al. (2007 &
2009), at 8 pm and 24 pm, only as a guide for the models, and exclude them from our
fits. This is because we place constraints from each individual data set separately,
for reasons explained below, and we cannot place any constraints from a single data
point from each of Knutson et al. (2007 & 2009).
The observations of the dayside atmosphere of HD 189733b used in this work
are shown in Figure 4.1. We also show one best-fit model for each of the three
data sets, for illustration. Each of the best-fit model fits the corresponding data set
with a V2 - 1. It should be noted that a best-fit spectrum for one data set does not
necessarily fit any of the other data sets, as is evident from the figure. Our population
of models for each data set include thousands of such best-fit models, in addition to
models fitting at different values of (2.
Figure 4.2 shows model spectra fitting the available datasets at different levels of
(2. The data in Figure 4.2 are the same as those in Figure 4.1. In the main panel, the
red, orange, and green curves show model spectra that fit the IRS spectrum with (2
in the range of 1.0 - 2.0, 2.0 - 3.0, and 3.0 - 4.0, respectively. Ten arbitrarily chosen
spectra from each category are shown. For guidance, a single best fit model spectrum
for these data is shown in blue. The gray spectra in the main panel show ten of the
models that fit the Spitzer broadband photometry with 2 < 2.0. For guidance, a
2We do not use those binned data points of Swain et al. (2009) that are either at the edges of the
chip or are non-detections at the 3-o level. These include points with A < 1.65 pm and A > 2.4 pm
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Figure 4.1: Secondary eclipse observations of HD 189733b. The black squares filled
with red, with error bars, are the six observations of Spitzer broadband photometry
(Charbonneau et al. 2008). The black circles, with error bars, in the 5-13 pm consti-
tute the Spitzer IRS Spectrum (Grillmair et al. 2008). The black circles, with error
bars, in the 1.4-2.5 pm range are observations with the HST NICMOS instrument
(Swain et al. 2009). Each of the three curves is a best-fit model spectrum to one of
the three data sets. The upper-limit at 2.2 pm shows the 1-o constraint from Barnes
et al. (2007).
single best fit model spectrum for these data is shown in brown, (with the bandpass
averaged points shown in brown). The inset shows ten each of the model spectra
that fit the HST NICMOS data with 2 in the range of 1.0 - 2.0, 2.0 - 3.0, and 3.0
- 4.0; with colors following those in the main panel. The blue and brown models in
the inset are one each best-fit to the IRS data and photometric data, respectively,
showing that the best-fit models for the IRS data and the broadband photometry do
not match the NICMOS data.
We analyze each data set separately, and the results are presented accordingly.
The reason we use a separate treatment is that the individual data sets differ from
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Figure 4.2: Secondary eclipse model spectra fitting day-side observations of
HD 189733b (see text for details).
each other in significant ways; including both data taken with the same instrument
at different times, and data taken with different instruments (also at different times).
The differences among some of the measurements at the same wavelength is at the
level of 2-.
We computed 9 x 106 models, exploring a wide region in the ten-parameter space.
This includes ~ 10 4 P-T profiles. The appropriate parameter grid to run the models
on was determined using the strategies described in the previous chapter.
The P-T profiles explored by the population of models are shown in Figure 4.3.
Since each P - T profile can have multiple values of (2, corresponding to the several
possible molecular compositions, we color-code each P - T profile with the minimum
possible value of (2 corresponding to that particular profile. The red, orange, green
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Figure 4.3: Pressure-Temperature profiles explored by models for the secondary
eclipse spectrum of HD 189733b (see text for description).
and blue colors correspond to models that fit the IRS spectrum (Grillmair et al.
2008) with minimum (2 in the ranges of 1.0 - 2.0, 2.0 - 3.0, 3.0 - 4.0, and 4.0 - 5.0,
respectively. The purple and gray profiles correspond to models that fit the Spitzer
broadband photometry (Charbonneau et al. 2008) with minimum (2 in the ranges
0.0 - 1.0 and 1.0 - 2.0 respectively, and the brown profiles show models that fit the
NICMOS data (Swain et al. 2009) with the minimum (2 in the 1.0 - 2.0 range.
In what follows, we describe the constraints on the dayside atmosphere of HD 189733b
placed by each of the three datasets. We report the (2 contours corresponding to each
dataset in the space of the model parameters and some derived quantities. At each
point in a given two-parameter space, several values of (2 are possible because of
degeneracies with other parameters in the parameter space. In other words, the same
point in a pair of parameters can have multiple values of (2 corresponding to evalua-
tions at various values in the remaining parameters. For the contours, we consider the
.... . .... _ _  .......... .................. .. .................................................................. ... 
minimum possible value of $2 at each point in a two-parameter space. Consequently,
each colored surface shows the region of parameter space which allows a minimum
possible (2 corresponding to that color. Thus, the contours show surfaces of minimum
(2. The mixing ratios of species are shown as ratios by number.
4.2 Spitzer Broadband Photometry
The Spitzer broadband photometry for HD 189733b consists of six channels at 3.6,
4.5, 5.8, 8, 16, and 24 pm, reported by Charbonneau et al (2008). The wavelengths
spanned by these channels contain significant spectral features of the water vapour
(H2 0), carbon monoxide (CO), methane (CH 4), and carbon dioxide (C0 2). While
H20, CH 4 and CO 2 have features in more than one of the six channels, CO has fea-
tures in the 4.5 pm channel alone. In addition, the H2-H2 collision induced opacities
provide a significant source of continuum opacity across all the channels. The con-
straints on the molecular abundances are governed by the degeneracies between the
various spectral signatures, and between the spectral signatures and the temperature
gradients in the atmosphere. In addition, one of the most important degeneracies
is that between the chemical composition and the presence or absence of a thermal
inversion in the P-T profile. In other words, observations which could be explained
by certain spectral features in absorption might also be explained by complementary
spectral features in emission. Therefore, constraining the P-T profile is of paramount
importance before understanding the constraints on the molecular abundances.
The P - T profiles fitting the broadband photometry are shown in Figure 4.3,
as described ealier. As is evident, the profiles in Figure 4.3 do not exhibit thermal
inversions. P-T profiles with thermal inversions were ruled out by the data in the
initial stages of parameter-grid selection. Consequently, all the spectral features in the
model spectra are absorption features. For P-T profiles with no thermal inversions,
the parameters that influence the spectrum most are the pressure differential between
the two pressures (P1 and P3 ), which contribute the temperature differential in layer
2 of the atmosphere, and the corresponding slope parameter (a 2). Additionally, P3
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Figure 4.4: Broadband photometric constraints on the dayside atmospheric temper-
ature structure of HD 189733b. The contours show minimum (2 surfaces in the
parameter space of the P - T profiles. The purple, red, orange, green and blue col-
ors correspond to 62 ranges of 0.0 - 1.0, 1.0 - 2.0, 2.0 - 3.0, 3.0 - 4.0, and 4.0 - 5.0,
respectively (see § 4.2 for details).
governs the base flux, corresponding to the blackbody flux of temperature T3, on
which the absorption features are imprinted.
Figure 4.4 shows the (2 contours in the parameters of the P - T structure.
< dT/d(log P) > is the mean temperature gradient in layer 2, where most of the
absorption occurs, given by (T3 - T 1)/ log(P 3/Pi). The 2 = 2 surface constrains a2
to 0.18 - 0.35, which corresponds to < dT/d(log P) > = 180 to 440 K, and T3 between
~ 1600 - 2350 K. The constraints on the temperature gradient and T3 supplement
constraints on the molecular abundances.
The Spitzer broadband photometry enables significant constraints on the molec-
ular abundances as shown in Figure 4.5). Again, we take the (2 = 2 surface, corre-
sponding to an average difference of 1.4 o- between the model and data. We find the
lower limit of the H2 0 mixing ratio to be 10-6, and the upper limit of the CH4 mix-
ing ratio to be 10-5. This allowed range of H2 0 mixing ratio includes solutions with
equilibrium quantities of H20, with solar abundances of elements. The constraint on
H2 0 composition results from its numerous line features across the IR spectrum, in
multiple Spitzer channels, apart from being the only absorber at 24 pm. And, the
constraint on the CH4 comes from its prominent spectral features in the 3.6 pm and
8 pm channels.
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Figure 4.5: Broadband photometric constraints on the dayside atmospheric compo-
sition of HD 189733b. The colors follow Figure 4.4
At the (2 - 2, surface there are no constraints on the presence or abundances of
CO and CO 2. At the risk of overinterpreting the data, at the (2 = 1 surface, the best
fit models constrain the molecular mixing ratios as follows: 10-5 < H20 10-3; CH 4
< 2 x 10-6; 7 x 10-7 CO 2 < 7 x 10-1; CO is unconstrained because it is degenerate
with CO 2 . The identification of C0 2 , at the (2 = 1 surface, is intriguing, and this is
the first time CO 2 could be identified with Spitzer photometry. The relatively tight
constraints on CO 2 come from its strong spectral features in two Spitzer bands: IRAC
4.5 pm Channel and the IRS 16 pm Channel. For CO, the only spectral feature in
the far IR band is at 4.5 pm, which is degenerate with the CO 2 feature at 4.5 Pm, the
latter being a stronger feature. Therefore, if the 16 pm feature in the data is strong,
requiring a significant quantity of C0 2 , the contribution due to CO 2 in the 4.5 pm
channel supersedes the contribution due to CO in the same channel. And hence, the
constraint on CO becomes much weaker, as is the case here.
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Figure 4.6: Constraints on C/O ratio, Teff, and day-night redistribution from Spitzer
broadband photometry. The colors follow Figure 4.4
Our results find the C/O ratio to be 7 x 10' < C/O < 1 for both the 62 = 1 and
62 = 2 surfaces, as shown in Figure 4.6. From the relatively higher abundance of the
oxygen bearing molecules as compared to CH4 , it is apparent that the models seem
to favor low C/O ratios. This range in C/O ratio, however, is consistent with that of
solar abundances of the elements.
Our results also constrain the albedo and day-night energy redistribution. The
relevant parameter is r = (1- AB) (1-fr), where AB is the Bond albedo, and f, is the
fraction of input stellar flux redistributed to the night side (see § 3.4). Since we can
only constrain the product n and not the individual components, AB and fr, one can
estimate the constraint on AB given fr or vice-versa. This is similar to other forward
models in the literature, where an f, is assumed, and the albedo is determined by the
model. Figure 4.6 shows the (2 surface in the space of Teg vs. 77.
The broadband photometry requires a low energy redistribution, constraining the
lower bound on 71, at the (2 = 2 level to 0.74. This value translates into an upper limit
on fr of 0.26 suggesting low redistribution. This is particularly intriguing, given that
Knutson et al (2007 & 2009) find low day-night contrast, and hence very efficient
day-night redistribution on this planet, HD 189733b. It must also be pointed out
here that the observation of Knutson et al (2007), at 8 pm, is > 2o- lower than the
observation in the same channel by the current dataset under considertation (i.e.,
Charbonneau et al. 2008). For instance, if the observations of the current dataset
............. .........................
were to be lowered by 2c- the 2 = 2 surface would predict very efficient redistribution,
agreeing with the results of Knutson et al (2007). That the 8 Pm observations from
two different epochs are different by over 2 o, hints at a source of variability that is
worth exploring by future observations.
The constraints on q also reflect the range of effective temperatures allowed by
the data set. The broadband photometry constrains Teff between 1440 - 1560 K, at
the (2 = 2 level.
4.3 Spitzer IRS Spectrum
The Spitzer IRS Spectrum reported by Grillmair et al. (2008) spans the 5 Pm -
14 pm range in the infrared, and is the best dataset of HD 189733b in terms of
spectral resolution and signal-to-noise. Unfortunately, however, the 5 pm - 14 Pm
range contains a rather limited set of spectral features of the supposedly abundant
molecules, i.e., H20, CO, CH4 and CO 2. CO and CO 2 have almost no features in
this range, whereas H20 and CH 4 have one strong feature each around 6.3 Pm and
7.6 pm, respectively, other than a few continuum features of H20. Consequently, the
constraints due to this dataset on the atmospheric constituents are not very strong.
Figure 4.7 shows the constraints on the molecular abundances placed by the IRS
Spectrum. As is expected from the wavelength coverage of this dataset, the mixing
ratios of CO and CO 2 are not well constrained. The constraints on H20 and CH 4
are marginally better. For instance, the (2 = 2 surface constrains the mixing ratio of
water vapor to 10-6 - 0.1, and that of CH 4 to be less than 10-2.
The constraints on the parameters of the P-T profiles from the IRS dataset is
shown in Figure 4.8. The P-T profiles are constrained towards larger values of a 2 ,
leading to less steep temperature gradients. The (2 = 2 surface constrains a 2 to
be greater than 0.2. The same surface constrains the mean temperature gradient
(< dT/d log P >) in layer 2 to 100 - 400 K. Correspondingly, the base temperature,
T3, allowed by the IRS dataset reach as low as 1500K. We also confirm the absence
of a thermal inversion with this dataset.
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Figure 4.7: Spitzer IRS constraints on the dayside atmospheric composition of
HD 189733b. As before, the red, orange, green and blue colors correspond to 62
ranges of 1.0 - 2.0, 2.0 - 3.0, 3.0 - 4.0, and 4.0 - 5.0, respectively.The grid resolution
was not fine enough to find models with 62 < 1.0 for this dataset.
Our most significant new finding with the IRS data set is the existence of models
fitting the data set that are totally consistent with efficient redistribution of energy
from the planet day side to the night side (Figure 4.9). This addresses a significant
problem in previously published models for dayside spectra (Grillmair et al. 2008) not
being able to explain the efficient redistribution found in the phase curves of Knutson
et al. (2007 & 2009) (see Charbonneau et al. 2008, and Grillmair et al. 2008; but
also see Barman 2008). The IRS data set allows for efficient day-night circulation on
this planet, with 77 in the range 0.38 - 0.99 at the 62 = 2 level. While 'q = 1 means
zero albedo and no redistribution, a value of q = 0.38 translates into an upper-limit
of fr < 0.62 (for zero albedo). Even if one were to assume AB = 0.3 (a relatively high
value for hot Jupiters; see Rowe et al. 2008), f, can be as high as 0.46, indicating very
efficient redistribution. The corresponding effective temperature (Teff) constrained by
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Figure 4.9: Spitzer IRS constraints on C/O ratio, Teff, and day-night redistribution.
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the (2 = 2 surface lies between 1220 - 1550 K
4.4 HST/NICMOS Spectro-photometry
The HST/NICMOS data (Swain et al. 2008) are useful because the wavelength range
includes significant features of H2 0, CH 4 , CO, and CO 2. We can therefore constrain
the abundances even at the (2 = 2 surface, as shown in Figure 4.10. As before, the
red, orange, green and blue colors correspond to (2 ranges of 1.0 - 2.0, 2.0 - 3.0, 3.0
- 4.0, and 4.0 - 5.0, respectively. At the (2 = 2 level, we find mixing ratios of: H2 0
~ 104; CH 4 < 6 x 10-6; 2 x 10-4 < CO < 2 x 10-2; and CO 2 - 7 x 10-4. It is
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Figure 4.10: HST NICMOS constraints on the dayside atmospheric composition of
HD 189733b.
remarkable that at the (2 = 2 surface we can constrain the abundances so stringently.
The exception is CH4 , where the upper limit indicates that methane is not present
in large quantities on the planet day side. The C/O ratio is between 0.5 and 1. Our
inferred abundances are consistent with those reported in Swain et al. (2008), with
the major exception of CO 2. While we find CO 2 abundances of 7 x 10-, Swain et
al. (2008) find 10' < CO 2 < 10-6. At present we have no explanation for this
discrepancy.
The constraints on the parameters of the P-T profiles from the HST/NICMOS
data set is shown in Figure 4.11. The constraints on the P-T parameters are close
to the constraints placed by the Spitzer broadband photometry. The (2 = 2 surface
constrains a2 to 0.15 - 0.27, and < dT/d log P > to 290 - 470 K. And, the base tem-
perature (T3) is constrained to ~ 1750 - 2000 K. The HST NICMOS data, like the
Spitzer photometry, is best fit with models that require relatively inefficient atmo-
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Figure 4.12: HST NICMOS constraints on C/O ratio, Teff, and day-night redistribu-
tion.
spheric circulation of absorbed stellar energy, f, ,< 0.25. And, the Tff is constrained
to 1440 - 1560 K (Figure 4.12).
4.5 Combined Datasets
The constraints due to all the datasets superimposed on the parameters space are
shown in Figure 4.13. The filled color surfaces show the constraints due to the Spitzer
IRS spectrum (Grillmair et al. 2008). The red, orange, green and blue colors corre-
spond to (2 ranges of 1.0 - 2.0, 2.0 - 3.0, 3.0 - 4.0, and 4.0 - 5.0, respectively. The solid
lines show the constraints from Spitzer broadband photometry (Charbonneau et al.
2008); the black (purple) solid lines correspond to the (2 < 2 ((2 < 1) surface. The
ws
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Figure 4.13: Constraints on the dayside atmosphere of HD 189733b due to all data
sets. See text for description.
dashed lines show the (2 < 2 constraints from HST NICMOS Spectro-photometry
(Swain et al. 2009).
It is natural to ask: what can we say with the combined data sets from Spitzer
IRS, Spitzer photometry, and HST NICMOS? The answer depends on which error
surface one is willing to adopt. The different data sets place different constraints
at the (2 = 2 level. For instance, as noted before, while the IRS data set allows
very efficient redistribution, the Spitzer photometry and HST NICMOS datasets do
not allow efficient redistribution. Thus, if we take the data at face value - adopting
the model (2 = 2 surfaces - we find that the atmosphere must be variable, both
.............. . ........ ........ ................ I ,
in its energy redistribution state and in the chemical abundances. Specifically, the
high CO 2 values could be pointing to local changes due to transient photochemical
effects and atmospheric flows. On the other hand, if the apparent variability in
the data represents observational uncertainties in the data, then we are unable to
make specific quantitative constraints on molecular abundances or the temperature
profile, even at the (2= 2 level. Stellar variability or refined data analysis procedures
may potentially change this situation. Spectral observations with higher S/N and at
wavelengths with strong molecular features, as can be obtained with future facilities
like the James Webb Space Telescope (JWST), could potentially resolve the variability
issue.
4.6 Transmission Spectra
The transmission spectrum of HD189733b was presented by Swain et al. (2008),
who reported the detection of CH 4 and H20 in the 1.4 pm - 2.5 pm range covered
by the HST/NICMOS spectrophotometry. Transmission data are complementary
to secondary eclipse data, because a transmission spectrum probes the part of the
planet atmosphere in the vicinity of the limb, whereas secondary eclipse data probes
the planetary day side. In addition, a transmission spectrum reveals line features of
the species in absorption, imprinted on the stellar flux, with the self-emission of the
planet contributing negligibly to the observed flux.
We computed - 7 x 105 models to place constraints on allowed limb P-T profiles
and quantify the allowed abundances by the 2 surfaces. In order to compute the
values of (2, our models were convolved with the instrument point-spread function,
integrated over the grism transmission function, and finally binned to the same bin
size as the data (as described in Swain et al. 2008). We find that 2 of 18 binned
data points (at 1.888 pm and 2.175 pm ) as reported by Swain et al. (2008) have
unusually high values, and amount to an unusually large contribution to the net (2
In the framework of our models, we do not find any spectral features that might
be able to explain those values. Consequently, we leave these two points out of our
present analysis.
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Figure 4.14: HST NICMOS transmission spectrum for HD 189733b. The black circles
with error bars show the observations. The red curve shows a best-fit model spectrum,
and the cyan cicles are the model points binned to the same resolution as the data,
after convolving with the instrument PSF.
Figure 4.15 shows the model spectra and data. The black filled circles with error
bars show the data from Swain et al. 2008. The red, orange, and green spectra show
ten models each in the 2 ranges of 1.0 - 2.0, 2.0 - 3.0, and 3.0 - 4.0, respectively. The
blue spectrum shows one best-fit model, with the light-blue filled circles showing the
corresponding model points binned to the grism bandpass, after convolving with the
instrument point spread function as described in Swain et al. (2008).
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Figure 4.15: Transmission spectra for HD 189733b. See text for details.
4.6.1 Molecular Abundances
Our results confirm the presence of H2 0 and CH 4 in the limb, as also reported by
Swain et al. (2008). At the 2 = 2 surface, the H20 mixing ratio is constrained
to 5 x 10- - 0.1, and the CH 4 mixing ratio lies between 10-5 - 0.3. These ranges
of mixing ratios for H2 0 and CH 4 are consistent with the mixing ratios found for
the best-fit model reported by Swain et al. (2008). Although, these constraints
are roughly consistent with the constraints on the same molecules on the dayside
inferred in § 4.1, the high mixing ratios of CH 4 allowed is appaling at first glance.
This hints at a region of high CH 4 concentration in the limb, possibly on the night
side. The effect of other possible molecules, CO, NH 3 and CO 2 on the spectrum is
minimal. Although each of these molecules have some spectral features in the observed
wavelength range, the upper-limits on their compositions placed by the data are not
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Figure 4.16: Constraints on atmospheric properties at the limb of HD 189733b. The
contours show minimum (2 surfaces, as constrained by the transmission spectrum of
Swain et al. (2008). The red, orange, green and blue surfaces correspond to (2 in the
ranges 1.0 - 2.0, 2.0 - 3.0, 3.0 - 4.0, and 4.0 - 5.0, respectively.
statistically significant.
4.6.2 Pressure-Temperature Profiles
Figure 4.17 shows the P-T profiles explored for the HD 189733b transmission data set.
The best-fit models with (2 < 2 are shown in red. Figure 4.16 shows the (2 surface
in the parameters space of the P-T profiles. The best-fit models are consistent with
an atmosphere with no thermal inversions. The a 2 parameter is constrained by the
(2 = 2 surface to be greater than ~ 0.15, and the planet's photospheric temperature
(T3) at the limb is constrained to lie between 1500 K - 2250 K. The mean temperature
gradient (< dT/d log P >) in layer 2 constrained by the (2 = 2 surface lies between
130 - 550 K/dex.
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Figure 4.17: Pressure-Temperature profiles explored by models for the transmission
spectrum of HD 189733b. The profiles are color-coded by minimum (2 (as described
in § 4.1), and the colors are described in Figure 4.16.
4.7 Summary
In this chapter, we have attempted to place constraints on the atmospheric properties
of HD 189733b. For each available dataset, we computed a large ensemble of models,
and reported contours of the (2 statistic in the space of the model parameters and
some derived quantities. We used three data sets for the dayside atmosphere observed
at secondary eclipse: a Spitzer IRS spectrum, a set of six observations with Spitzer
broadband photometry, and an HST NICMOS spectrum. And, to place constraints
on the atmosphere at the limb, we used an HST NICMOS transmission spectrum.
For the day-side atmosphere, we find that the different data sets place different
constraints on the atmospheric properties. Specifically, while the IRS spectrum allows
very efficient day-night redistribution of energy, the Spitzer photometry and HST
NICMOS data sets do not allow efficient redistribution. As another example, the
... .. . ........... . . ................... ................. . . . ..... .. ...............
NICMOS data set requires a rather high mixing ratio of CO 2 , where as the other
data sets allow for lower mixing ratios. It is to be noted that the IRS and the IRAC
photometry data sets themselves differ from each other at 8 pm at the - 2 - level.
Based on the different constraints placed by the different data sets, we find that the
atmosphere must be variable, if the data are to be taken at face value. On the other
hand, if the differences in the data sets are a result of observational errors, and if the
true uncertainities need to encompass all the data sets simultaneously, then we are
unable to place any specific constraints at this point, other than ruling out thermal
inversions and some molecules.
We have placed modest constraints on the temperature structure, chemical com-
positions, and the day-night redistributions for each individual data sets. Our con-
straints encompass most of the results reported in the literature with the data sets,
with the major exception of the CO 2 composition required by the NICMOS secondary
eclipse data set. In addition, our approach allow us to find a range of best-fit models
for each data set.
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Chapter 5
Results: HD 209458b
HD 209458b is the first known transiting exoplanet, and, like HD 189733b, is one of
the most observed extrasolar planets to date (Charbonneau et al. 2000, Henry et al.
2000). The planet orbits the sun-like star, HD 209458, of spectral type GO V, at an
orbital separation of 0.047 AU. The star has a V magnitude of 7.7, lies at a distance
of 47 pc, and has a mass of 1.12 MD, a radius of 1.16 RD, and an effective temperature
of 6065 K (Torres et al. 2008). The planet has a mass of 0.69 Mjsp, a radius of 1.36
Rj,, and an orbital period of 3.52 days. The equilibrium temperature of the planet
dayside, assuming zero albedo and zero redistribution, is about 1450 K (Torres et al.
2008).
The dayside of HD 209458b has been of substantial interest, owing to the indica-
tion of a thermal inversion in the atmosphere of this planet. Deming et al. (2005)
reported the first detection of thermal emission from HD 209458b in the 24 pm MIPS
Channel of Spitzer. Knutson et al. (2008) reported broadband photometry of the
planet-star flux ratio in the four Spitzer IRAC channels (3.5, 4.6, 5.8, 8 pm). Newer
photometric observations have been made by Deming in the 16 Pm IRS Channel and,
an updated value is available for the 24 pm MIPS Channel, based on reanalysis of
previous data (Deming, 2009; private communication). Richardson et al. (2003) ob-
served an upper-limit on the contrast ratio in the K-band (2.2 pm) using IRTF SpeX.
Additionally, Richardson et al. (2007) and Swain et al. (2008) presented a low S/N
Spitzer IRS spectrum in the 7.5-13.2 pm range.
For HD 209458, we compute model fits to the six Spitzer broadband photometric
detections (at 3.6, 4.5, 5.8, 8, 16 and 24 pm), combining data from Knutson et
al. (2008) and Deming (private communication). We do not use the IRS spectrum
(Richardson et al. 2007; Swain et al. 2008) because the S/N is too low to yield
significant model constraints.
We explore a grid of 6 x 106 models for this system. Figure 5.2 shows sample model
spectra and the data for the planet-star flux contrast in this system. The figure shows
model spectra at different levels of 2. As shown in the figure, our best fit spectra
(a sample binned spectrum is shown in light blue) fit all the available data to within
the 1-o error bars. And, our 2 = 2 models match the observations to - 1.4- on
average. For the stellar spectrum, we use a Kurucz model spectrum (Kurucz 2004)
corresponding to the stellar properties (Teff = 6065 K, Z = 0.0, log(g) = 4.42 in cgs
units) from Torres et al. 2008.
The constraints on the dayside atmosphere of HD 209458b are shown in Figure 5.3.
The contours show minimum (2 surfaces in the parameter space of the model. The
purple, red, orange, green and blue colors correspond to 2 ranges of 0.0 - 1.0, 1.0 -
2.0, 2.0 - 3.0, 3.0 - 4.0, and 4.0 - 5.0, respectively.
5.1 Molecular Abundances
Our results indicate the presence of H20, CO, CH 4 and CO 2 in the atmosphere of HD
209458b. As will be discussed in § 5.2, the allowed P-T profiles show the existence
of a deep thermal inversion in the atmosphere of HD 209458b. Consequently, all the
line features of the molecules are seen as emission features, rather than absorption
features as in case of HD 189733b. The constraints on the concentrations of all the
molecules are shown in Figure 5.3.
The (2 = 2 surface places an upper-limit on the mixing ratio of H2 0 at 10-4,
with the (2 = 1 surface allowing mixing ratios up to 10--5. The limits on H20 are
governed by the band features of the molecule in the 5.8 pm and 24 pm channels.
While the upper limit on the mixing ratio of H20 is well constrained, the constraint
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Figure 5.1: Secondary eclipse obsercations for HD 209458b. The black circles with
error bars are the six-channel Spitzer broadband photometry (Knutson et al. 2008).
The upper-limit at 2.2 pm shows the 1-- constraint from Richardson et al. (2003).
The red curve shows a best-fit model spectrum, and the cyan cicles are the channel-
integrated model points.
on the lower limit is rather weak, allowing values as low as 10-8 at (2 = 1. The
stringent upper limit on H20 comes primarily from the low planet-star flux contrast
observed in the 24 pm channel. Similarly, the high flux contrast observed in the 5.8
pm channel should, in principle, yield a stringent lower limit. However, the weak
lower limit is because of the large observational uncertainty on the flux contrast in
the 5.8 pm channel. The 1 - -error bar on the observed 5.8 pm flux contrast is the
largest of uncertainties in all the channels, and 1.5 times larger than the error bar on
the 24 pm flux contrast.
The 2 = 2 constraint on the mixing ratio of CH4 is 10-8 - 0.04, based on band
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Figure 5.2: The black filled circles with error bars show the data, obtained by Spitzer
photometry. The 3.6 pm, 4.5 pm, 5.8 pm, and 8 pm data are from Knutson et al.
(2008). The 16 pm and 24 pm data are from Deming (personal communication,
2009). The upper-limit at 2.2 pm shows the 1-o constraint from Richardson et al.
(2003). The red, orange, and green spectra correspond to models with (2 in the range
of 0.0 - 2.0, 2.0 - 3.0, and 3.0 - 4.0, respectively. For guidance, a single best fit model
spectrum is shown in blue (with the bandpass averaged points shown in light-blue).
features in the 3.6 pm and 8 pm channels. Although, the features in the 3.6 pm
channel are degenerate with some features of H20 in the same channel, the exclusive
CH 4 features in the 8 pm channel break the degeneracy. The (2 = 2 surface places an
absolute lower-limit on CO at 4 x 10--5, and requires a mixing ratio of CO 2 between
2 x 10-9 -7 x 10-6. The need for CO 2 arises from the high contrast observed between
the 4.5 pm and the 3.6 pm channels. The 4.5 pm channel could in principle be
explained by CO alone. However, such a proposition would require large amounts
of CO, close to mixing ratios of 1. CO 2 provides additional absorption in the same
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Figure 5.3: Constraints on the dayside atmosphere of HD 209458b.
4.5 pm channel, with a relatively reasonable abundance. In addition, the amount of
CO 2 is also constrained by the 16 pm channel - too high of a CO 2 abundance would
not agree with the data because CO 2 has a strong absorption feature in the 16 pm
channel. Thus, the 4.5 pm and 16 pm channels together constrain the amounts of
CO 2 , thereby also constraining the CO feature in the 4.5 pm channel. If the 16 pm
data did not exist, there would have been be a large degeneracy in the abundances
of CO and C0 2.
If we consider the (2 = 1 surface, instead of the (2 = 2 surface, our results place
tighter constraints on all the molecules. At this surface, the constraints on the mixing
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Figure 5.4: Pressure-Temperature profiles explored by models for the secondary
eclipse spectrum of HD 209458b. All the profiles have an inversion layer. Profiles
without thermal inversions are ruled out by the data. The colors follow Figure 4.5
ratios are: H20 < 10-; 4 x 10-8 < CH4 < 0.03; CO > 4 x 10-4; and, 4 x 10-9 <
CO2 < 7 x 10-8.
This is the first time, to our knowledge, CH 4 , CO and CO 2 have been detected
in HD 209458b's atmosphere. Even at the (2 = 4 surface, the data require non-zero
mixing ratios for the carbon-bearing molecules. Furthermore, the results suggest a
high C/O ratio (see Seager et al. 2005). Although the model fits give C/O ratio close
to 1 or higher, our molecular abundance grid resolution is not high enough to put a
precise lower limit to the C/O ratio. As seen from Figure 5.3, the allowed models
reach values as high as ~ 60 for (2 = 1, and ~ 600 for (2 = 2. As discussed previously,
and in § 6.1, high molecular concentrations and high C/O ratios could be localized
effects overrepresented by the 1D averaged retrieval.
5.2 Temperature Structure
The most interesting aspect about the atmosphere of HD 209458b is the presence of
a thermal inversion on the planet dayside, as previous studies have pointed out (e.g.,
Burrows et al. 2008). While modeling atmospheric spectra, one often encounters
a degeneracy between temperature structure and molecular compositions. However,
by exploring a large number of P-T profiles we find that the day-side observations
for HD 209458b cannot be explained without a thermal inversion, for any chemical
composition. On the other hand, our results place stringent constraints on the 1D
averaged structure of the required thermal inversion.
Our results presented here explore - 7000 P-T profiles with thermal inversions.
Figure 5.4 shows all the P-T profiles with (2 < 5. The ranges in the P-T parameters
explored are shown in Figure 5.3. In the presence of a thermal inversion, the spectra
are dominated by the location and extent of the inversion layer, quantified by the
parameters P2, T2 , and a 2. We find the models with (2 < 2 to have an inversion layer
in the lower atmosphere, at pressures (P2) above ~ 0.03 bar, with the best-fit models
preferring the deeper layers, i.e., higher P2. We find that the (2 < 1 region extends to
inversion layers as deep as P2 ~1 bar. However, we limit P2 to a value of 0.5 based
on the physical consideration that, at pressure ;> 1 bar collisional opacities are likely
to dominate over the molecular opacities in the optical which are expected to be the
cause of thermal inversions. And, therefore, we do not expect inversions at such high
pressures.
The allowed models (Figure 5.3) cover a wide range in the photospheric tem-
perature (T3) owing to the fact that the spectrum is dominated by the maximum
temperature differential (T - T2) attained in the stratosphere, and is less sensitive to
T3 by itself. The stratospheric temperatures of all the models with (2 < 2 lie between
800 K and 2200 K. The temperature gradient in the inversion layer is governed by
the a2 parameter. As can be seen from Figure 5.3, the data restricts the (2 < 2
models to have a 2 between 0.05 and 0.25, with the (2 < 1 models preferring values
between 0.05 and 0.15. These values of a 2 translate into mean temperature gradients
(< dT/d log P >) in the inversion layer to be 230 - 1480 K/dex for (2 < 2, and 400 -
1480 K/dex for (2 < 1. Consequently, large thermal inversions spanning more than a
few dex in pressure, and hence with less steeper thermal gradients, are ruled out by
the data. This is also evident from Figure 5.4. Finally, (2 is not very sensitive to the
parameters in Layer 1 of the P-T profile, since the dominant spectral features in this
planet arise from the inversion layer.
5.3 Albedo and Energy Redistribution
Our results also show the constraints on the albedo and day-night redistribution.
Figure 5.3 shows the 2 surface in the space of Tf vs. 7, where, q = (1 - AB)(1 - f,);
AR is the Bond albedo, and fr is the fraction of input stellar flux redistributed to the
night side. Using TI, one can estimate the constraint on AB given f,, or vice-versa. For
HD 209458b, the 2 = 2 surface in Figure 5.3 constrains 17 in the range 0.24 - 0.81, with
the (2 = 1 surface in the range 0.26 - 0.72. If we assume an AR of 0.24 (2-- upper-
limit, scaled from the 1-o- estimate of Rowe et al. 2008), the constraints on f, for the
(2 = 2 and (2 = 1 surfaces are 0.0 - 0.68 and 0.05 - 0.66, respectively. This range of
values allows for very efficient redistribution in the atmosphere of HD 209458b.
5.4 Summary
In this chapter, we have presented models for the day-side atmosphere of HD 209458b.
We placed constraints on the day-side atmospheric properties based on the observa-
tions in six channels of broadband photometry using Spitzer. We computed 6 x 106
models for this dataset, and reported contours of the (2 statistic in the parameter
space.
Our results confirm the presence of a thermal inversion in this planet, as has
been found by previous studies. In addition, we constrain the thermal gradient and
extent of the thermal inversion, given the data. We also report detection of CO, CH 4
and CO 2 on the dayside of HD 209458b, along with an upper-limit on H2 0. Our
constraints on the molecular compositions imply a high C/O ratio for this planet.
Finally, our results indicate that the data allows for very efficient day-night energy
redistribution in this atmosphere.
100
Chapter 6
Results: Systems with Limited
Data
Our knowledge about the atmospheres of extrasolar planets has been limited by the
amount of data available. Observations are typically limited to six channels of Spitzer
broadband photometry, with the exceptions of HD 189733b and HD 209458b, where
additional observations have been possible. And, the number of parameters of a
typical planetary atmosphere model is greater than six. Nevertheless, in the previ-
ous chapters we have demonstrated that, given the six Spitzer data points, as for
HD 189733b and HD 209458, the parameter space of the model can be explored by
running a large ensemble of models, leading to meaningful constraints.
Atmospheric observations of several extrasolar planets, on the other hand, are
available in less than six channels of Spitzer photometry. For instance, two recently
observed hot Jupiters, TrES-2 and HAT-P-7b, have only four observations each, in the
four Spitzer IRAC channels at 3.6, 4.5, 5.8 and 8 pm (O'Donovan et al., in prep, and
Harrington et al., in prep.). As another example, although the hot Neptune GJ 436b
has been observed in all the six channels (Stevenson et al., in prep), secure detections
have been claimed in only four or five of the six channels (depending on what S/N
one would like to consider for a detection). Exoplanetary atmospheres with limited
data are going to be the norm rather than the exceptions, until new observational
facilities like the James Webb Space Telescope (JWST) become operational. This is
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especially true given that Spitzer has entered the "warm phase" of its mission and
will have only two of its six photometry channels functional henceforth (Spitzer status
update, 2009).
What can be inferred about an exoplanetary atmosphere, given only a limited
set of observations? To answer this question, in this section, we consider three sys-
tems with limited data. In each case, we investigate models that fit the available
data, and discuss the influence of limited data on the nature of possible atmospheric
compositions and temperature structure.
6.1 TrES-2
The transiting exoplanet TrES-2 is a hot Jupiter orbiting a GO V star at an orbital
separation of 0.037 AU (O'Donovan et al. 2006). The host is a nearby sun-like star,
GSC 03549-02811, at a distance of 230 pc, with a V magnitude of 11.4, mass of 1 M0,
radius of 1 R0 , an effective temperature of 5960 K, and lies in the field of the Kepler
space telescope. The planet has a mass of 1.28 Mjap, a radius of 1.24 Rasp, and
an orbital period of 2.47 days. The equilibrium temperature of the planet dayside,
assuming zero albedo and zero redistribution, is 1498 K (Torres et al. 2008).
Observations of the dayside atmosphere of TrES-2 are shown in Figure 6.1. The
black filled circles with error bars show the observations in four Spitzer IRAC channels
reported by O'Donovan et al (in prep). We first emphasize how well the data can be
fit by a blackbody spectrum with no line features. The blue dashed line in Figure 6.1
is a 1450 K blackbody flux divided by a Kurucz stellar model corresponding to the
stellar parameters derived by Torres et al. (2008). It is clear that the blackbody
fits all the data points resonably well, given the large error bars. More specifically,
the blackbody spectrum fits the 3.6 prm and 8 pm points within the 1-o error bars,
and fits the 4.5 pm and 5.4 pm points at 2-o and 1.5-o, respectively. However, a
blackbody spectrum is only a nominal guideline, since the actual planetary spectrum
is influenced by the myriad contributions due to molecular line features, collision
induced opacities, temperature gradients, and the like.
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Figure 6.1: Secondary eclipse spectra fitting the broadband photometric observations
of TrES-2 (O'Donovan et al., in prep). See text for details.
Figure 6.1 also shows model atmospheric spectra for TrES-2. The figure shows
models with and without a thermal inversion in the atmosphere. Figure 6.2 shows the
corresponding P-T profiles. The stellar spectrum was represented by the appropriate
Kurucz model. The red and green curves in Figure 6.1 show models with and without
a thermal inversion on the planet dayside, respectively. The red and green circles (en-
closed in black circles) show the corresponding model points obtained by integrating
the spectra over the Spitzer IRAC bandpasses. The model spectrum without a ther-
mal inversion has Tff = 1634 K, and the model spectrum with a thermal inversion
has Teff = 1459 K. The fraction of incident dayside flux redistributed to the night
side for the model without the thermal inversion is < 0.25, and that for the model
with thermal inversion is < 0.5, the latter implying more efficient redistribution.
The two models require different molecular compositions. The model without a
thermal inversion has uniform molecular mixing ratios of H2 0 ~ 10-, CO ~, 10-6,
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Figure 6.2: P-T profiles for TrES-2.
and CH4  10-6. While the mixing ratio of H2 0 is plausible, the low mixing ratio
of CO is surprising. In a hot atmosphere, with Tf ~ 1500 K, CO is expected to be
highly abundant. On the other hand, the model with a thermal inversion has uniform
molecular mixing ratios of H20 = 10-4, CO = 10-4, CH 4 = 5 x 10-5, and CO 2 =
2 x 10-6. These compositions show a relatively high abundance of CO, as would be
expected in a hot Jupiter atmosphere like that of TrES-2b. However, a thorough
exploration of the parameter space is needed to place constraints on the presence or
lack of a thermal inversion, in conjunction with the molecular compositions.
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Figure 6.3: Secondary eclipse model spectra fitting the broadband photometric ob-
servations of HAT-P-7b (Harrington et al, in prep). See text for details
6.2 HAT-P-7b
HAT-P-7b is one of the hottest transiting planets known, orbiting a 10.5 magnitude
F6 star at an orbital separation of 0.038 AU (Pal et al. 2008). The star has a mass of
1.47 MD, a radius of 1.84RD, and an effective temperature of 6350 K. The planet has a
mass of 1.78 Mjp and a radius of 1.36 Rj,, and orbits the star with a period of 2.20
days. The equilibrium temperature of the planet dayside is about 2730 K, assuming
zero albedo and zero redistribution, making it a very hot giant planet. HAT-P-7b is
also in the Kepler field, and is the first planet to be observed and reported by Kepler
(Borucki et al. 2009).
Figure 6.3 shows the observed contrast ratios for HAT-P-7b, in the four Spitzer
IRAC channels along with model spectra. The black filled circles with the error bars
show the observed contrast ratios from Harrington et al (in prep). Also shown in
Figure 6.3 are two model spectra for this planet. The red and green solid lines show
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Figure 6.4: P-T profiles for HAT-P-7b.
two model spectra and the red and green filled circles are the corresponding model
points integrated with the Spitzer bandpasses in each of the four observed channels.
The blue dashed line shows a 2450 K blackbody spectrum. The red model corresponds
to an atmosphere with a thermal inversion and the green model corresponds to an
atmosphere without a thermal inversion. Figure 6.4 shows the corresponding P-T
profiles. The fact that the data can be fit reasonably well both with and without a
thermal inversion indicates that the current data are not adequate to place definitive
constraints on the models. We further emphasize that even a featureless blackbody
spectrum matches almost all the data points reasonably well, as can be seen from
Figure 6.3.
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The chemical compositions of the two models presented are distinctly different.
We consider uniform mixing ratios of H20, CO, CH 4, and, where necessary, CO 2.
The inversion model has H2 0 = 10-3, CO = 10-3, CH 4 = 10-4, and CO 2 = 10-7.
While the compositions of H2 0, CO and CO 2 fall within the realm of plausibility,
the large relative abundance of CH 4 , i.e., comparable to CO and higher than H2 0, is
surprising. For an extremely hot atmosphere like that of HAT-P-7b, CH 4 would be
least expected. The requirement of this large amount of CH 4 arises primarily from the
large flux ratio at 8 pm. CH 4 is the only molecule which has strong features in this
channel, other than minor features due to H20. On the other hand, the non-inversion
model has H2 0 = 10-6, CO = 10-4, CH 4 = 10-, and no CO 2.
The models are also very different in terms of the day-night energy redistribution of
absorbed stellar radiation. While the inversion model allows for efficient redistribution
(< 0.34), the non-inversion model allows no energy redistribution. Correspondingly,
the effective temperatures of the two models are also different. The inversion model
has a Teff of 2429 K and the non-inversion model has that of 2758 K. The degeneracy
of the model fits could probably be broken with thermal phase curves obtained by
Spitzer or Kepler, which would broadly constrain the energy redistribution, or by
measurement of molecular signatures in the atmosphere.
6.3 GJ 436b
GJ 436b is a transiting hot Neptune orbiting an M Dwarf (Gillon et al. 2007) at
an orbital separation of 0.029 AU. The host, GJ 436, is a nearby M2.5 V star, at a
distance of 10.2 pc and a V magnitude of 10.67. The star has a mass of 0.45 Me,
a radius of 0.46 Re, and an effective temperature of 3350 K (Torres et al. 2008).
GJ 436b has a mass of 0.073 Mjsp, a radius of 0.38 Rjsp, and an orbital period of
2.64 days. The planet has an eccentric orbit around the star with e = 0.14. The
equilibrium temperature of the planet dayside is about 650 K, assuming zero albedo
and zero redistribution.
The secondary-eclipse observations of the day-side atmosphere of GJ 436b are
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shown in Figure 6.5. The black squares with error bars show the planet-star flux
contrast ratios in the Spitzer channels from Stevenson et al (in prep). The arrow at
4.5 pm shows an upper-limit. Also shown are two model spectra, the colored curves,
and the corresponding bandpass averaged models points (colored circles) in the six
channels. The blue dashed lines show blackbody spectra at 650 K and 1050 K.
Our results show that it is difficult to find a best-fit model with conventional
assumptions about chemical compositions. From chemical equilibrium, the expected
dominant chemical species are H2 , H20, CH4 , CO, and NH 3 in an atmosphere of
GJ 436b's temperature. The dominant contributions to the emergent flux are ex-
pected from the spectroscopically active H20, CH 4 and, to a lesser extent, CO. The
primary source of difficulty arises in trying to match the 3.6 and 4.5 pm IRAC chan-
nels simultaneously. The flux contribution at 3.6 pm requires an equivalent blackbody
of about 1050 K, whereas the 4.5 pm channel requires a 650 K blackbody, meaning a
large flux differential between the two channels. The 4.5 pm channel, however, is an
upper limit. Even if we take the 3 - u upper limit value, it requires a black body of
700 K. The reason even a ~ 300 K differential in brightness temperature is significant
is that it implies very little methane. Since methane has an absorption feature in
the 3.6 pm band, even a small amount of it suppresses the flux to below what is
observed in this band. This necessitates having a mixing ratio for methane of less
than - 10--'. Furthermore, the low flux observed in the 4.5 pm channel, albeit an
upper-limit, requires large quantities of CO, and possibly C0 2, because both these
molecules have spectral features in the 4.5 pm band.
At first thought, a temperature inversion might explain the high flux at 3.6 Pm,
because it causes emission features. We find that a temperature inversion does not
provide a good fit, because methane also has a very strong spectral feature in the
8 pm IRAC channel (stronger than the feature at 3.6 pm). Thus, fitting the 3.6 pm
flux with a temperature-inversion model results in a much higher flux in the 8 pm
channel than what is observed. In addition, the emission features of H2 0 in the
5.8 pm band would also result in a flux higher than the observed data. We note that
small thermal inversions that do not lead to significant emission features cannot be
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Figure 6.5: Secondary eclipse spectra fitting the broadband photometric observations
of GJ 436b (Stevenson et al., in prep). See text for details
ruled out based on the current data.
We show two best-fit models in Figure 6.5. None of the two models has a thermal
inversion. Figure 6.6 shows the P-T profile used, which is the same for both models.
The model shown in red, has mixing ratios for the molecules H20, CH 4 , CO and CO 2
of 10--4, 10-7, 10-4, and 10-6, respectively, and the day-night energy redistribution is
< 0.31. This low CH 4 concentration is very puzzling indeed. The presence of CO 2 is
not expected in such a reduced atmosphere unless photochemistry plays a major role,
but such an amount of CO2 is required to explain the low flux in the 4.5 pam channel,
unless CO is allowed to be much higher, > 10-. We find some features of NH 3 in the
model spectrum, but they are not significant in the Spitzer band-passes. Figure 6.5
also shows a different best-fit model (shown in green), one with a higher abundance
of CO and a lower abundance of H2 0 and CO 2. The data are fit slightly better than
the first model, and the mixing ratios are 3 x 106, 10~', 7 x 10-4, and 10-7, for
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Figure 6.6: P-T profile for GJ 436b.
H2 0, CH 4 , CO and C0 2, respectively, and the albedo and day-night redistribution
are both close to zero.
6.4 Summary
In this chapter, we have reported atmospheric models for three transiting exoplanets
which have limited data: TrES-2, HAT-P-7b, GJ 436b. Four observations in the
Spitzer IRAC photometry channels were available for TrES-2 and HAT-P-7b. For
GJ 436b, six channels of Spitzer photometry were available, but at least one of those
observations is an upper-limit, depending on what S/N one would like to consider.
For TrES-2 and HAT-P-7b, we find that the four observations can be fit with
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models with and without thermal inversions. Since thermal inversions are degenerate
with molecular compositions, we find significantly different molecular compositions
depending on whether or not the model has an inversion. Also, the two models
for each planet, allow significantly different day-night energy redistribution. It is
important to note that the four observations can also be fit fairly well with a planet
black-body of a certain temperature, and with no molecular features. We thus find
that it is possible to find very contrasting atmosphere model fits given the error bars
on the four data points. It is also to be noted that we make no assumption about
chemical equilibrium, or about how the molecular compositions originated. Making
such assumptions might favor one model over another, but we have refrained from
such an exercise in the interest of a completely general analysis.
For GJ 436, our models rule out thermal inversions. Yet, several models with
differing chemical compositions fit the data almost equally well. The molecular com-
positions derived for this planet indicate a dominance of CO, and a paucity of CH 4;
a finding which is surprising given the low temperature of this atmosphere.
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Chapter 7
Parameter Estimation for
Exoplanetary Atmospheres
The ideal goal in addressing the inverse problem of exoplanetary atmospheres is to
develop a parameter estimation procedure. In the previous chapters, we have de-
veloped a new approach to one-dimensional modelling of exoplanetary atmospheres.
One of the primary strengths of our model is that it is computationally fast, allowing
us to run millions of models on a computer cluster in a reasonable amount of time.
We have demonstrated this capability in chapters 4 & 5 by running ~ 107 models on
a pre-determined grid in the parameter space. As a natural extension of our method,
we are now motivated to explore the possibility of a model fitting paradigm where
the atmospheric parameters and their uncertainities can be estimated given the data,
using a Bayesian approach.
In this chapter, we initiate the first attempts toward a parameter estimation algo-
rithm for exoplanet atmospheres. One of our primary goals is to examine if our model
is amenable to such a purpose; another goal being to understand the degeneracies in
the model parameter space. We pursue these goals with a Bayesian approach by us-
ing our model in conjuction with the MCMC algorithm, and simulated data. Apart
from estimating the parameters with simulated data, our results offer insights into
the nature of data required for effectively constraining the parameters of a nominal
hot Jupiter atmosphere, and into observational facilities that might collect such data.
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In what follows, the MCMC algorithm is summarized in § 7.1, and the model
parametrizations and set-up for the MCMC are described in § 7.2. Details of the
simulated dataset are presented in § 7.3. We report the results of the analysis in
§ 7.4. In the following section, § 7.5, we discuss the requirements on data for effectively
constraining atmospheric properties. Finally, in § 7.6, we discuss the capabilities of
past, present and future observational facilities to meet such requirements.
7.1 Markov chain Monte Carlo
Our ultimate goal is one of non-linear parameter estimation. Given a set of observa-
tions, we would like to estimate the parameters of the model, and the uncertainities
in the parameter estimates. Several alternatives are available to pursue this problem
(see Ford, 2005 for a good summary). We use the MCMC method (Tegmark et al,
2004; Ford et al. 2005) which allows us to explore the degeneracies in the parameter
space in addition to estimating the parameters. In this section, we briefly outline the
details of this method.
The MCMC method is primarily used in the bayesian approach to statistical
inference which allows the calculation of probability distributions of the model pa-
rameters conditional to a given set of observations. In probability theory, the Bayes'
theorem relates the conditional probabilities of two dependent events, A and B, via
their marginal or "prior" probabilities as:
P(A|B) - P(B) = P(AnB) = P(B|A) - P(A) (7.1)
or, P(A|B) P(B)
P(B)
In the continuous case, the analogous expression relates the corresponding probability
density functions (PDFs). Let us consider the set of model parameters as 0 and the
set of observational data as d. According to Bayes' rule, the conditional PDF of the
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parameters given the data, i.e p(O|d), is given by:
_ p(0,d) _ p(d|6) p(O)
p(6d) p(dO) p() dO(7.2)
where, p(d|O) is the PDF of the data given the model parameters, and p(O) is the prior
PDF of the parameters, assumed to be known a priori. Thus, given the prior PDFs
of the model parameters, Bayes' theorem allows the computation of the posterior
PDFs of the model parameters given the data. However, for a large number of model
parameters, as is the case with our model, evaluating p(O|d) can be very cumbersome.
The main complication lies in evaluating the integral in the denominator of (7.2),
and in marginalizing p(O|d) over the appropriate model parameters to obtain the
posterior PDFs of the particular parameters in question. The Markov chain Monte
Carlo (MCMC) method provides a convenient prescription to address precisely this
issue, making it particularly suitable for problems where p(O|d) is desired for a large
number of model parameters.
The MCMC method has recently seen a large surge in applications, emerging as a
powerful tool for statistical inference. A large body of excellent literature is available
on the theory of the method (e.g., Gilks et al. 1998; Ford et al. 2005). Here, we
only present an outline of the method, using the Metropolis-Hastings algorithm and
the Gibbs sampler, and refer the interested reader to the above references for more
details on the theory.
The MCMC method involves an efficient procedure to explore the parameter space
along a sequence of states (points in parameter space). This sequence of states consti-
tutes a Markov chain; each state is a link in the chain and obeys the Markov property,
depending only on the immediately previous state. Starting from an initial condition,
each subsequent state is decided by the Metropolis-Hastings (M-H) algorithm. The
M-H algorithm includes prescriptions for selecting a new trial state and for accepting
or rejecting the trial state in favor of the current state. The algorithm is as follows:
1. Initialize markov chain (n = 0):
o Initialize parameters, 0 { :i 1, Npar}
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* Set jump lengths, AO = {AO6, i = 1, Np,,}
" Set chain length, Nink,
2. Randomly select a parameter (6j) to jump.
3. Generate trial state (0'):
0 =Oi + Oi - RN if i =(7,
6i if i Z j.
RN is a random deviate drawn from the normal distribution.
4. Calculate Ax 2 = x2 (') - X2()
5. Use Metropolis-Hastings selection criterion to accept or reject 6':
if (AX2 < 0) accept (i.e., 0 = 0')
if (AX2 > 0) accept with probability _2(0)/2 = e-AX2 /2
if (e2A(6)/2
if (AX 2/2 ;> RU) accept (7.4)
else reject
Ru is a random deviate drawn from the uniform distribution.
6. n = n+1
if (n < NiinkS) Return to step 2
else STOP (End of chain)
7.2 Model Set-up
At each step in the MCMC chain, the model spectrum and the corresponding x 2
are computed from the parameters of the step and the simulated data. The model
spectrum for each point in parameter space is calculated in the same way as was done
previously, for example, for the case of HD 189733b in chapter 4. However, there
is one major difference between the computation of large ensembles of models on a
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predetermined grid (as in chapters 4 and 5), and those computed for an MCMC chain.
In the former case, all the points in the parameter space where one wants to compute
the models are known a priori. This means that the entire grid can be executed on
a computer cluster, with each processor running a different part of the grid. On the
other hand, for the MCMC case, each point along the chain is determined based on
the previous point, in real time. And hence, until convergence is achieved, the entire
chain has to be executed on a single processor. It is to be noted, however, that if a
chain converges on a single processor in a reasonable amount of time, the statistics
can be improved by running multiple chains of similar length on several processors in
the same amount of time and concatenating the chains, after removing the burn-in
phase from each chain. For example, a chain for 106 links takes - 35 hours on a single
~ 2 GHz processor. Thus, it is important to choose the model parameters that are
least correlated, and adopt strategies, such that the chain converges within a length
of ~ 106 links.
The parameter space of the model can be bounded by several physical constraints.
However, for the MCMC case, these physical constraints on the models (as discussed
in § 3.5.2) need to be imposed in real time, as opposed to using them to generate a
predetermined grid. Here, we summarize all the conditions we impose on the model
in each step of our MCMC algorithm:
7.2.1 Energy Balance
The general constraint due to energy balance was described in § 3.4 as Tj < 1.0, where,
q = (1 - AB)(1 - fr). AB is the Bond albedo of the planet, and fr is the fraction
of incident day-side flux redistributed to the night side. The condition of 'q < 1.0
means that the wavelength integrated flux emitted from the planet dayside cannot
exceed the wavelength integrated stellar flux incident on the dayside. In the interest
of restricting the model space further, we note that fr cannot exceed 0.5. In addition,
the albedos of hot Jupiters are likely very low, < 0.3 (Rowe et al. 2008). Therefore,
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for the MCMC run, we require the models to satisfy:
0.25 < rq < 1.0 (7.5)
i.e. 0 < AB <0.5 and 0 < f, < 0.5.
7.2.2 Model Parameters
The parameters of the model, namely the parameters of the P-T profile and those of
the molecular compositions, can be restricted to physically meaningful ranges anal-
ogous to the energy balance constraint. The mixing ratios of the molecules can be
confined to the following:
-9 log [x < -1, X E {H 2 0, CO, CH 4 ,CO2 }. (7.6)
nH2. 
6
nx/n H2 is the mixing ratio of molecule X. The upper bound comes from our assump-
tion that hot Jupiter atmospheres are hydrogen rich and likely do not contain any
of the four molecules to more than 10% of the hydrogen number density, a fairly
generous assumption by standards of solar system giant planet atmospheres. The
lower limit comes from the fact that a mixing ratio of any molecule below ~, 10-9 has
negligible effect of its features on the emergent spectrum.
The physical motivation behind the three layers of the P-T profile was discussed
in chapter 2. Consequently, the three layers can be subject to physically motivated
ranges for the pressures at the layer boundaries. We use the following conservative
boundaries for the parameters of the P-T profile with no thermal inversions:
P E [10-4, 10] bar (7.7)
P2 E [10-, 10-1] bar (7.8)
P3 C [0.1, 30] bar (7.9)
P2 _< Pi < P3 (7.10)
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And, reiterating from § 3.5.2, a1 and a 2 can be confined to:
0.2 <J ai 3 0.7 (7.11)
0.01 <1 a 2 ; 0.5 (7.12)
7.2.3 Fit Parameters
While fitting a model to data, it is desirable to have the model parameters that
facilitate faster convergence of the optimization algorithm. Ideally, this means hav-
ing a set of uncorrelated parameters. Then, the natural question to ask is: what is
the appropriate set of parameters of our model that are least correlated? Given the
highly non-linear nature of the present model, it is not straightforward to answer this
question. For example, it is not readily tractable to perform a Fisher information
analysis to evaluate different possible parametrizations. One possible approach is to
numerically diagonalize the covariance matrix with an initial set of parameters, and
then use the eigenvectors as the new basis vectors; this approach gives a new uncor-
related set of parameters which are linear combinations of the original parameters.
Whether or not the new parameterization is suitable for the entire parameter space
has to be verified in real time in the optimization algorithm. For example, once every
N steps in an MCMC chain, the covariance matrix is evaluated to examine if the
new parameters are still uncorrelated, and, if they are not, the matrix is diagonalized
again and another set of new parameters are generated. Such an approach is beyond
the scope of the present work. In this work, we set out to try different sets of param-
eterizations by trial and error, and found that the following parameter set allowed
significant constraints on the model, given the simulated data:
0 {T , log P1, log P2, log P3, ai, a 2 , log fH2 0, log fCO, lOg fCH4 , log fCO2 -(713)
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Figure 7.1: Simulated data generated from a hypothetical hot Jupiter atmosphere.
7.3 Simulated Data
Our data come from the day-side atmosphere of a hypothetical hot Jupiter. The
physical properties of the planetary system are same as those of HD 189733b. The
atmospheric parameters of our hypothetical planet are shown in Table 7.1, under
"True value". Figure 7.1 shows the the dayside spectrum of this hypothetical atmo-
sphere and the corresponding simulated data. Our simulated data consist of a set
of 20 points (channels) of broadband photometry. The 20 channels are uniformly
spaced in log-wavelength, in the wavelength range between 3 - 27 pm. The flux in
each channel is integrated over the channels with a uniform transmission function.
And, the flux ratio is calculated as the ratio of the integrated planet flux and the
integrated star flux in each channel.
In Figure 7.1, the black line shows the hypothetical spectrum from which the
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Table 7.1: Constraints on atmospheric parameters
Parameter True value Best fit
To (K) 800 846+150
log(P1) -2.00 -1.06 +0.6
log(P2) -4.00 -4.71 +8.6
log(P) 0.00 0.14+0-9
ai 0.42 0.39+88
a 2  0.32 0.35+8 8
log(fH2 O) -4.00 -4.27+ 120
log(fco) -3.30 -2.60+1-8
log(fCH4 ) -8-00 -8-22 1
log(fco 2 ) -5.00 -5.41+-8800(KCO) -82+.90
Teff (K) 1499 1498 +4
0.86 0.84+0 1
simulated data were generated. The green filled circles show the flux ratios in the 20
channels calculated from the spectrum. The red filled circles with error bars show
the simulated data, which were obtained by adding gaussian noise to the original flux
ratios (green circles) in the 20 channels. The error bars were obtained by assuming a
signal-to-noise of 10 in each channel.
7.4 Results
In this section, we present the results of estimating the model parameters, and uncer-
tainities, from the simulated data. The goal is to assess whether the model is suitable
to estimate the physical properties of planetary atmospheres with a Bayesian ap-
proach. We first fit the model to the simulated data presented in § 7.5 using the
MCMC method. The results are in the form of posterior probability distributions
(PDFs) of the fit parameters. We present the constraints on the model parameters,
and some derived parameters, along with discussing the observed degeneracies. We
then address the question of how much data are required to effectively constrain the
model parameters, followed by a discussion on the capabilities of present and future
instruments to meet such a requirement.
The posterior PDFs of the fit parameters, with the simulated data, come from
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Figure 7.2: Posterior probability distributions of the molecular compositions. The
vertical lines mark the true values in the corresponding parameters (see Table 7.1).
three MCMC chains. The three chains had a total of 4 x 106 links (106, 106, 2 x 106)
and were started in very different regions of the parameter space. For the results
presented here, the first 10' links in each chain were discarded as pertaining to the
burn-in phase of the chain, and then the three chains were merged together to form
a single chain of 3.7 x 106 links. The histogram (PDF) in each parameter resulting
from an MCMC chain is naturally marginalized over all the other fit parameters.
The ten fit parameters were mentioned in (7.13), and we assume uniform priors in all
these parameters. The jump lengths of the parameters were adjusted such that we
obtain about 40% acceptance rate for all parameters; the only exceptions being the
compositions of CO (60%) and CH 4 (74%), the reasons for which will be explained
below.
7.4.1 Molecular Compositions
The posterior PDFs of molecular mixing ratios of the four molecules H2 0, CO, CH 4
and CO 2 are shown in Figure 7.2. Uniform mixing is assumed for all the molecules.
These results show that the molecular compositions are well constrained by the
data. The fit results with the 68% confidence limits on the mixing ratios of the
four molecules are shown in Table 7.1, along with the true values from the actual
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case (i.e., the model from which the simulated data were generated). As is evident,
the true values of all the molecules are encompassed by the 68% confidence levels.
More encouragingly, the mode of the distributions, the most probable value, in all the
molecules are close to the true values, the only exception to this being CO. Such good
agreement for H2 0, CH 4 and CO 2 results from the fact that each of these molecules
has multiple strong features in the wavelength range of the data. On the other hand,
CO has only one relatively weak feature in the wavelength range of the data. The
PDF of the CH 4 mixing ratio, showing only an upper-limit at 10-8, is particularly
interesting (the diminishing probability below 10- is because of the imposed bound-
ary, see § 7.2.2, and is meant to be ignored). The true value of CH 4 mixing ratio for
the simulated data is 10-. Such a low true mixing ratio meant that we expected the
probabilities to plateau at values below 10-8, and to diminish at values higher than
10-8, which is what the results show. This is also why the jump acceptance rate of
CH4 is high, since the model is not sensitive to values below - 10-8, i.e., any value
below ~ 10-8 has negligible effect on the model, and is likely to be accepted.
In general, the constraints depicted in the histograms reflect the spectral features
of the molecules in the wavelength range of the data (3-30 pm), and the degenera-
cies therein. As is evident from the distributions, the molecule that is most well
constrained is CO 2. This is because of the fact that CO 2 has two strong features in
the spectral range, at 4.3 Am and 15 pm, which are non-degenerate with features of
any of the other molecules, with one exception. The exception being that CO has
a relatively weak feature at ~ 4.7 pm which marginally overlaps with the 4.3 pm
CO 2 feature. In addition, since CO has only one weak feature, its composition is not
expected to be well constrained. This is also the reason for the high jump acceptance
rate for CO. The constraints on H2 0 and CH 4 come from multiple spectral features
in the spectral range. H2 0 has broad spectral features at 3 pm and 6 pm, along with
features at long wavelengths, beyond - 12 Am. And, CH 4 has features at ~ 3.5 pm
and ~ 7.6 pm. Both the features of CH 4 slightly overlap with features of H20. Given
the multiple spectral features of H20 and CH4 , it is expected that their mixing ratios
are reasonably well constrained. The results support this notion.
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Figure 7.3: Posterior probability distributions of the P-T parameters. The vertical
lines mark the true values in the corresponding parameters (see Table 7.1).
7.4.2 Temperature Structure
The posterior PDF of the fit parameters corresponding to the P-T profile are shown
in Figure 7.3, and the best-fit values and 68% confidence levels are given in Table 7.1,
along with the true values. In general, we find that the 68% confidence levels for most
of the parameters encompass the true values. However, the parameters of Layer 2 of
the model P-T profile are constrained slightly better than the other parameters. The
parameters To, ai and Pi correspond to Layer 1 of the profile, and the parameters
P2, a 2 and P3, along with P1, govern the thermal gradient in Layer 2 of the profile.
Since most of the spectral features arise in the lower parts of the atmosphere (in
Layer 2), it is expected that the emergent spectrum would be much more sensitive to
the parameters of Layer 2 than those of Layer 1. This is the reason why the Layer 2
parameters (especially, P3 and a 2) are slightly better estimated.
The results also depict some degeneracies in the P-T parameters. The degeneracy
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between the temperature structure of a planetary atmosphere and the atmospheric
composition is well-known. In the present context, however, the parameters of the
P-T profile can be correlated amongst themselves in addition to being correlated
with the chemical composition. In addition, given the complexity of the model, as
mentioned above, some of the model parameters may not contribute to the spectrum
as much as others. For instance, consider the "natural parameters" of a non-inversion
P-T profile: OPT = {TO, P1, P2 , P3, ai, a 2}. If Layer 1 happens to lie entirely at low
pressures (for example, Pi ,< 10-'), and hence low densities, the contribution of this
layer to the spectrum becomes negligible. In such a case, all three parameters of
Layer 1 can, to a large extent, remain unconstrained. In addition, the parameters
governing the Layer 2 (P2 , a2 and P) are likely correlated amongst themselves and
with the molecular features in a non-trivial way.
The results show that, despite the degeneracies in the current parameterization of
the model, we are able to estimate the atmospheric properties reasonably well, and
place significant constraints on the same. Future work in this direction should focus
on developing a better set of parameters for the P-T profile that are least correlated,
both amongst themselves and with the molecular compositions.
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Figure 7.4: Posterior probability distributions of Tff and f.The vertical lines mark
the true values in the corresponding parameters (see Table 7.1).
7.4.3 Energy Balance and Teff
The results also place constraints on the energy balance factor, n (see § 7.2.1), and the
effective temperature (Tff). Figure 7.4 shows the posterior probability distributions
of these quantities, and Table 7.1 lists the best-fit values and the 68% confidence
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levels. As is apparent, both these quantities are well constrained, with the estimated
values close to the true values. This shows that, despite the degeneracies in the
fit parameters, the integrated emergent flux required by the data is extremely well
constrained by the model. We find this to be true regardless of the choice of model
parameters for the MCMC. This is especially significant given the fact that, based
on an assumption (or known value) of the albedo, this approach can place tight
constraints on the day-night energy redistribution in the planet atmosphere. And,
the fact that the constraint is independent of the model parameterization makes it a
robust estimation.
7.5 Requirements on Data
The constraints presented in § 7.4 reflect the nature of the simulated data we used
for the test case. The constraints on the parameters can be further improved by
using more data than we have used here. However, observations of exoplanetary
atmospheres are rather limited. The more important question to address, then, is
about what is the minimum amount of data required to place reliable constraints on
the parameters. To answer this question, we ran a few cases with different amounts
of data and different parameterizations of the model. Given that the model has 10
parameters, the fundamental requirement is having more than 10 data points, well-
separated in wavelength.
We nominally considered the wavelength coverage to be the same as that of Spitzer,
3 - 30 pm, and considered three cases with 6, 12, and 20 datapoints in this range.
Needless to mention, the case with 6 points only allowed us to map out the degen-
eracies without obtaining any meaningful posterior distributions. While using 12
simulated data points, we were not able to achieve good convergence in the posterior
distributions of most parameters, with an MCMC chain of 106 links. On the other
hand, using 20 points, as is reported in this work, places reasonably good constraints
on the model parameters, and the histograms converge in ~ 106 links. So, considering
well spaced points in the said range, the minimum number of broadband photometric
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channels required likely lies between 12 and 20. We assumed a signal-to-noise (S/N)
of 10 for all the data points.
Despite the requirement on the amount of data, the wavelength range of the data
plays a critical role in determining the effectiveness of the data. For instance, the high
resolution Spitzer IRS spectrum of HD 189733b (Grillmair et al. 2008) has a large
number of points between 5-14 pm. Unfortunately, however, this range in wavelength,
although wide, has only a few important molecular features, and narrowly misses a
number of them. Using such a dataset by itself, allows only the barest constraints on
most of the molecules. Therefore, it is important for a proposed instrument to sample
those parts of the wavelength range that have significant spectral features. We have
kept this requirement in mind while designing the simulated data used in this work.
We have tried only a small number of combinations in order to assess the amount
and quality of required data. The field is wide open for more detailed studies in the
future to map out the relations between the uncertainities on the parameters and the
amount and quality of data, and possibly even the densities of features in the spectral
range under consideration.
7.6 Observational Capabilities: Past, Present and
Future
We now turn to the viability of meeting the data requirements as outlined above.
We find that obtaining the required amount of data is clearly within the realm of
possibility. This amount of data was well within the reach of Spitzer; six channels
of broadband photometry and a spectral observation with the IRS, all made "simul-
taneously", could have met this requirement. Such an opportunity has passed now,
since Spitzer has entered the warm phase, with most of the photometric channels
unavailable.
Currently available data have a broad coverage as described above for one planet,
namely, HD 189733b (six channels of Spitzer broadband photometry, an IRS spec-
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trum, and an HST NICMOS spectrum). However, the different observations were not
simultaneous, and show signs of variability as discussed in Chapter 4 (Madhusudhan
& Seager, submitted; Charbonneau et al. 2008). Whether the differences in the re-
ported observations are due to intrinsic variability of the observed atmosphere, or due
to differences in data analysis procedures is not yet resolved.
Another important avenue that still exists is to have simultaneous observations
with the two available IRAC channels of Spitzer and the NICMOS instrument on
HST. Although in a different wavelength range, these instruments together cover a
range that is almost as replete with molecular features as the entire range of Spitzer.
Beyond all, a remarkable opportunity lies ahead in the form of the James Webb
Space Telescope (JWST) to be launched in 2013. Two of the instruments aboard
JWST would provide adequate data. The NIRSpec instrument designed to observe
spectra in the 1-5 pam range is ideally suited for the current purpose because of the
numerous spectral features of expected molecules. In addition, the MIRI instrument
with photometric and spectroscopic capabilities will operate in 5-27 pm, a range
similar to the Spitzer coverage. Thus, the model developed in this work offers exciting
and achievable avenues to retrieve atmospheric properties of extrasolar planets in the
future.
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Chapter 8
Summary and Conclusions
We have presented a first attempt towards addressing the inverse problem in exoplanet
atmospheres: given a set of observations, what are the constraints on the atmospheric
properties? Our method consists of a new model involving line-by-line radiative
transfer with a parametric Pressure-Temperature (P-T) profile, along with physical
constraints of hydrostatic equilibrium and global energy balance, and allowing for
non-equilibrium molecular compositions. This approach enabled us to run millions of
models of atmospheric spectra over a grid in the parameter space, and to calculate
goodness-of-fit contours for a given data set. Thus, given a set of observations and
a desired measure of fit, our method places constraints on the temperature structure
and the molecular abundances in the atmosphere.
8.1 Summary of Results
We used our method to place constraints on the atmospheric properties of two hot
Jupiters with the best available data: HD 189733b and HD 209458b. We computed
~ 107 atmospheric spectral models for each system. Our constraints on the P-T
profiles confirm the presence of a thermal inversion on the dayside of HD 209458b, and
the absence of one in HD 189733b, as has been previously reported in the literature.
And, the constraints on molecular abundances confirm the presence of H20, CH 4, CO
and CO 2 in HD 189733b, as has been found by several other studies in the past.
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We presented some new findings. We report detections of CH 4, CO and CO 2 on
the dayside of HD 209458b, along with placing an upper-limit on the amount of H2 0.
At the 2 = 2 surface, we find the lower-limits on the mixing ratios of CH 4 , CO
and CO 2 to be 10-1, 4 x 10-5 and 2 x 10-9, respectively. In addition, we find an
upper-limit on H20 mixing ratio of 10-4. Secondly, our results using the high S/N
IRS spectrum of HD 189733b indicate that the best fit models are consistent with
efficient day-night circulation on this planet, consistent with the findings of Knutson
et al. (2007 & 2009); although, we also find that the broad band photometry data
requires much less efficient day-night circulation, as has been reported by several
studies in the past.
The different constraints placed by the different data sets arise from differences
in the data. At 8 pm, the planet-star flux constrast in the IRS data set differs from
the Spitzer IRAC photometry at the ~ 2o level. Conseqently, our models fits to
the different datasets indicate that the planetary atmosphere is variable, both, in
its energy redistribution state and in the chemical abundances. On the other hand,
if we have to reconcile all the data sets simultaneously, as pertaining to a steady
state atmosphere, then we are unable to place specific constraints on the molecular
abundances or on the temperature structure, beyond merely identifying some of the
molecules and the presence or absence of a thermal inversion.
We have also reported atmospheric models for three transiting exoplanets with
limited data: TrES-2, HAT-P-7b, GJ 436b. For TrES-2 and HAT-P-7b, where only
four observations each are available, we find that the data can be fit by models with
inversions just as well as those without thermal inversions, if we make no assumptions
of chemical equilibrium. And, the two models, those with and without inversions,
differ significantly in chemical composition and day-night redistribution, both fitting
the data almost equally well.
In this work, we have initiated the journey towards a parameter estimation frame-
work for exoplanet atmospheres. We have demonstrated with simulated data that
our model can be used with a formal Bayesian parameter estimation algorithm, like
MCMC, to place constraints on the atmospheric properties of hot Jupiters. Some of
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the parameters of our model are constrained better than others. For example, while
the molecular compositions, the effective temperature, and the energy balance factor
(r/) are well estimated, some of the parameters of the P-T profile are not so well
constrained. We have not studied in any detail the correlations between the various
parameters of the model; we reserve that for future work. Nevertheless, our exercise
has shown that it is possible, in principle, to estimate the atmospheric parameters
with ~ 20 channels of broadband photometry. Future observational facilities, like
JWST are designed to obtain atmospheric spectra with much higher S/N, thereby
holding promise for reliable parameter estimation of exoplanetary atmospheres.
8.2 Temperature Retrieval as a Starting Point for
Forward Models
We have presented a radical departure from the standard exoplanet atmosphere mod-
els. Our temperature and abundance retrieval method does not use the assumption
of radiative + convective equilibrium in each layer to determine the P-T profile. By
searching over millions of models, we are extracting the P-T profile from the data.
We call this an inverse method.
We have not necessarily suggested replacing so-called "self-consistent forward
models", those models that include: radiative transfer, hydrostatic equilibrium, ra-
diative + convective equilibrium, day-night energy redistribution, non-equilibrium
chemistry, and cloud formation. Instead of a stand-alone model, our method can
be used as a starting point for narrowing the potential parameter space in which
to run forward models. We anticipate that this temperature retrieval method will
enable modelers to run enough forward models to find quantitative constraints from
the data, instead of running only a few representative models.
Atmospheric temperature and abundance retrieval is not new. Solar system planet
atmosphere studies use temperature retrieval methods, but in the present context
there is one major difference. Exquisite data for solar system planet atmospheres
131
means a fiducial temperature pressure profile can be derived. The temperature re-
trieval process for a solar system planet atmosphere therefore involves perturbing the
fiducial profile. For exoplanets there is no starting point to derive a fiducial model
because of the limited data. We, therefore, consider our method to be a new step
towards atmospheric temperature and abundance retrieval for extrasolar planets.
Our new temperature and abundance retrieval - together with the limited but
remarkable data sets - charts a new course for exoplanet atmosphere interpretation.
Whether our approach is used as a stand alone model, or as a starting point for
forward models, the field of exoplanet atmospheres is ready for a technique to establish
detailed atmospheric constraints governed by the data. The ideal data set is one
with a wide wavelength range that covers more than one spectral feature of different
molecules. The James Webb Space Telescope, scheduled for launch in 2013, is ideal
for observations of transiting exoplanet atmospheres and should usher a new era for
quantitative analyses of exoplanet atmospheres.
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